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The primary objective of this research is to study the characteristics of hydroplaning and skid 
resistance of passenger cars and trucks on highway pavements by means of numerical 
simulation. The first part of research deals with the study of hydroplaning of smooth vehicular 
tires on pavements with various surface groove patterns. The simulations were performed using 
the computational fluid dynamics software FLUENT. The second part of the study involves the 
simulation of wet pavement skid resistance measurements of smooth vehicular tires on grooved 
pavements. The three-dimensional finite element simulation model was developed using 
computer software ADINA. Simulation analysis reveals that pavement grooving helps in raising 
skid resistance, lowering breaking distances and raising hydroplaning speed thereby lowering the 
risk of wet-weather accidents for both passenger cars and trucks.  The research has demonstrated 
that the analytical simulation model is a convenient tool for predicting wet-pavement skid 
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The primary objective of this research is to study by means by numerical simulation the 
characteristics of hydroplaning and skid resistance of passenger cars and trucks on highway 
pavements with various forms of drainage enhancing surface grooves. The first part of research 
deals with the study of hydroplaning of vehicular tires pavements with various surface groove 
patterns. The aim was to offer a better understanding of how pavement grooving influences 
vehicle hydroplaning potential. The simulations were performed using the computational fluid 
dynamics software FLUENT. The simulation results were analyzed to evaluate the effects of the 
ASTM standard smooth tire on hydroplaning for various grooved pavement surfaces. 
In the hydroplaning model a fixed tire deformation profile based on Browne‘s 
experimental research is assumed. Computational fluid dynamic which uses numerical methods 
and algorithms to solve and analyze problems has been used to model the hydroplaning model. 
The fundamental basis of formulating the computational fluid dynamics problem is the Navier-
Stokes equations.  The flow at hydroplaning speed is known to be turbulent and thus the k-  
model is used in the simulation.  
The second part of the study involves the relaxation of the hydroplaning tire deformation 
profile assumption of tire-fluid-pavement interactions. This is needed in order to develop models 
that can simulate wet skid resistance at speeds lower than hydroplaning speed. The three-
dimensional finite element simulation model that is capable of modeling solid mechanics, fluid 
dynamics, tire-pavement contact and tire-fluid interaction is solved using the computer software 
ADINA. The proposed simulation model is calibrated and validated for the case of a loaded 
stationary tire under both dry and wet pavement conditions. The model is used to simulate 
hydroplaning and skid resistance at different locked vehicle sliding speeds. By varying the 
vi 
 
vehicle speed and operating conditions the effect of pavement grooves on skid resistance is 
studied for smooth passenger car tires and truck tires.  
The analysis reveals that transversely grooved surfaces produce much higher 
hydroplaning speeds than longitudinally grooved surfaces, and thus are more effective in 
reducing vehicle hydroplaning potential. However, grid patterns (a combination of longitudinal 
and transverse grooves) offer the highest hydroplaning speed. In general it was observed that 
deeper, wider and closely spaced grooving is more effective in reducing hydroplaning potential. 
In general the skid resistance is found to increase with wheel load and marginally with 
tire pressure, but decrease with the sliding wheel speed. Both longitudinal and transverse 
grooving are found to raise the skid resistance. Vehicle sliding speed was the most important 
factor affecting the magnitude of skid resistance for passenger car tires.  The whole research has 
demonstrated that the analytical simulation model is a convenient tool for predicting wet-
pavement skid resistance and hydroplaning speed, and an effective means to study the influences 
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Safe operations on highway and airport pavements are one of the major concerns of 
pavement engineers and researchers. The World Health Organization (WHO) reports that motor 
vehicle crashes worldwide kill 1.2 million and injure 50 million people annually and the 
worldwide economic costs of accidents are estimated at $518 billion each year (WHO, 2004).  
Approximately 20% of all road traffic accidents occur in wet weather conditions and the lack of 
skid resistance is one of the main contributors (Murad et al., 2006). On the other hand many 
aircraft accidents have occurred in the past years due to aircraft hydroplaning on runways 
(Bendetto, 2002).  
Adequate skid resistance is necessary for safe highway and runway operations. The skid 
resistance of a pavement can be affected by many factors, such as (i) those related to pavement 
surface material properties and pavement surface texture in the form of microtexture and 
macrotexture; (ii) those related to the tire, such as tire rubber material type, tread design, and tire 
inflation pressure; (iii) those related to the presence of contaminants that interfere with the tire-
pavement interaction, such as the presence of water, water film thickness, presence of loose 
particles like grit, sand and silt, presence of oils; and (iv) those related to the operating 
conditions, such as pavement surface temperature, and vehicle speed. This study will focus more 
on the factors which are related to pavement. 
Hydroplaning is a unique situation where the total hydrodynamic force acting on the tire 
equals the sum of the weight of tire and the downward vertical loading acting upon it. Under this 




the tire and pavement surface. This situation results in loss of steering control and skid resistance 
which may lead to accidents. 
Despite improvements in the techniques of skid resistance measurement in recent years, a 
detailed understanding of skid resistance mechanism is still lacking because of the absence of 
theoretical, analytical and numerical models. This leads pavement engineers to depend on 
empirical relationships. For instance, there is relatively little knowledge about the mechanism 
and exact benefits of pavement macrotexture in improving skid resistance and reducing 
hydroplaning potential. The exact improvement in skid resistance and increase in hydroplaning 
speed of creating pavement grooving in terms of groove depth, spacing and orientation are still 
unknown to the pavement engineer. The research carried out by Ong et al. (2006) on 
measurement of skid resistance evaluation provides a good insight into the hydroplaning and 
skid resistance mechanism on a smooth pavement surface. However, the corresponding 
beneficial effects of pavement grooving have not been studied analytically. 
1.2 Objective  
The key objective of this research is to study quantitatively the beneficial effects of 
pavement grooving on vehicle hydroplaning and skid resistance using a numerical simulation 
model. This will enable researchers and pavement engineers to better understand the mechanism 
of skid resistance and hydroplaning on vehicular tires on grooved pavements. 
1.3 Scope of Research 




 To develop a finite element numerical model to simulate passenger car and truck 
hydroplaning on grooved pavements with different groove dimensions under different 
operating conditions of wheel load, tire inflation pressure and water film thickness. 
 To develop a finite element numerical model to simulate passenger car and truck tire skid 
resistances on grooved pavements with different groove dimensions under different 
operating conditions of wheel load, tire inflation pressure and water film thickness.  
1.4 Organization of Thesis 
The organization of the report would be as follows: 
 Chapter 1 provides the background of the study of hydroplaning and skid resistance, the 
objective and the scope of research 
 Chapter 2 reviews the existing literature on the mechanism of skid resistance and 
hydroplaning, and the different factors that affect hydroplaning and skid resistance. It 
also identifies the areas of needed research.  
 Chapter 3 provides the description about the development of a numerical model to 
measure the skid resistance and hydroplaning speed on grooved pavement. 
 Chapter 4 presents the validation of the 3-dimensional finite element simulation model 
for skid resistance and hydroplaning analysis on grooved pavement surfaces for smooth 
passenger car tire. 
 Chapter 5 characterizes variations in hydroplaning speeds and behavior of skid resistance 
of grooved pavements. 
 Chapter 6 focuses on the prediction of stopping distance calculation based on the 




 Chapter 7 presents the development and validation of the 3-dimensional finite element 
simulation model for skid resistance and hydroplaning analysis on grooved pavement 
surfaces for smooth truck tire.  
 Chapter 8 summarizes the main conclusions drawn in the current research and provides 






















2 LITERATURE REVIEW 
This chapter shall present a review of literatures related to the study of vehicular 
hydroplaning and skid resistance on highway pavements. At first, the mechanisms of skid 
resistance and hydroplaning are introduced. Factors that affect hydroplaning and skid resistance 
are identified. When runway or road surfaces become flooded or puddled with either slush or 
water, both aircraft and road vehicles can encounter the phenomenon of tire hydroplaning when 
their ground speeds increase and reach a critical level. The effects of hydroplaning can be serious 
to these vehicles since tires under hydroplaning conditions become detached from the pavement 
surface and the ability of tires to develop braking or cornering traction for stopping or guiding 
vehicle or aircraft motion is almost completely lost (Horne and Dreher, 1963). 
 Empirical relationships developed by past researchers to estimate hydroplaning speed 
and skid resistance are also reviewed in this chapter. This is followed by a review of the 
theoretical and empirical approaches adopted by researchers in modeling the skid resistance and 
hydroplaning problem. Finally, a summary of the needs of research in the areas of skid resistance 
and hydroplaning studies, and proposed scope of study for the present research are presented.  
2.1 Mechanism of Skid Resistance and Hydroplaning 
Skid resistance is the shear force developed at the tire-road interface when the tire has 
lost the grip with the road and slides over its surface. This shear force opposes sliding and acts in 
the direction opposite to that of sliding. Although skid resistance results from the interaction 
between tire and the road, it is frequently treated as the indicator of pavement friction properties 




Pneumatic tire hydroplaning is said to occur when a tire is completely separated from the 
pavement surface by a film of fluid. This condition occurs when the total hydrodynamic lift force 
acting on the tire equals the sum of weight of the tire and the downward vertical loading acting 
upon it. That is, when the average hydrodynamic pressure in the foot print area equals the 
average ground bearing pressure which is related to the inflation pressure of the tire (Browne, 
1975).  
Gough (1959) and later Moore (1966) suggested a concept of four zone theory. Zone 1 is 
called Impact zone. In this zone a water wedge is formed by impact of the moving tire against 
the water. Hydrodynamic pressure develops as a result of momentum transfer. This pressure 
increases as the speed increases. Though the pressure has strong influence on the flow, the 
contribution is relatively small in terms of vertical lift of the tire as the size of the zone is small. 
Zone 2 is called thick film zone, if the vehicle speed and thickness of the water film is sufficient 
this thickness will penetrate the contact region. If the time required for water expulsion is more 
than the contact transit time the entire region becomes supported by water and thus the 
hydroplaning occurs. Pavement macrotexture and tire tread pattern play a crucial role in 
removing this expulsion of water and reducing the hydrodynamic pressure. Zone 3 is known as 
Draping Zone, as the main bulk of water is removed from zone 1 and zone 2, the tire tread begins 
to contact road surface by draping over the asperity tips. At places of low microtexture a 
lubricating film is formed and low value of friction is obtained. Zone 4 is the dry-contact zone 
where low water depth and low speed are not enough to produce dynamic hydroplaning and a 




2.1.1  Skid Resistance  
When a standard tire and standard test conditions are utilized in a measurement of wet-
pavement traction, the results are reported as a measure of skid resistance of the pavement. Skid 
resistance is therefore related to pavement characteristics and is a function of pavement surface 
properties. Table 2.1(a) to Table 2.1(d) show various commercially available test devices used to 
measure skid resistance. 
There are four basic types of full-scale friction measurement devices currently used 
around the world. The four types are: locked wheel, side-force, fixed-slip, and variable slip 
(Henry, 2000). All four systems utilize one or two full-scale test tires to measure the pavement 
friction properties under different conditions. Apart from these methods several laboratory 
methods are also used around the globe to evaluate friction characteristics of pavement. The 
main features of these devices are described in the following subsections. 
 
a) Side-Force Testers 
The side-force method is used to measure the ability of vehicles to maintain control in 
curves (Henry 2000). This method involves maintaining a constant angle, the yaw angle, 
between the tire and the direction of motion. Water is applied to the pavement at a prescribed 
rate in front of the test wheel, a vertical load is applied to the test tire, and the force 
perpendicular to the plane of rotation is measured (Gargett, 1990). The side-force coefficient 
(SFC) is calculated as, 
SFC (V, α) = (F / N) 100          (2.1) 
where V is velocity of the test tire, α is yaw angle, N is normal force on the test tire and 




The slip speed, which is the relative velocity between the tire and the pavement surface, 
for these side-force devices can be estimated as V sin α (Henry 2000). Since the yaw angle is 
typically small, between 7.5 and 20 degrees, the slip speed is also quite low; this means that side-
force testers are particularly sensitive to the pavement microtexture but are generally insensitive 
to changes in the pavement macrotexture. 
The two most common side-force measuring devices are the Mu-Meter and the Side-
Force Coefficient Road Inventory Machine (SCRIM). The standard test method for the Mu-
Meter is presented in ASTM E670 (ASTM, 2009a). This device was originally designed for 
measuring friction on airport runways but was adopted in some areas for use on highway 
pavements (Henry 1986). The SCRIM device was developed in the Great Britain, specifically for 
highway measurement. The SCRIM utilizes a yaw angle of 20 degrees (Gargett 1990). The 
primary advantage offered by side-force measuring devices is the ability for continuous friction 
measurement throughout a test section (Henry 2000). This ensures that areas of low friction are 
not skipped due to a sampling procedure.  
 
b) Fixed-Slip Devices 
Fixed-slip devices are meant to measure the friction observed for vehicles with anti-lock 
brakes. Fixed-slip devices maintain a constant slip, typically between 10 and 20 percent, as a 
vertical load is applied to the test tire; the frictional force in the direction of motion between the 
tire and pavement is measured (Henry 2000). Equation 2.2 is used for calculating the percent 
slip. 
% Slip = [(V − rω)/V]100         (2.2) 




r = effective tire rolling radius; ω = angular velocity of test tire. 
The measurements from fixed-slip devices are reported as brake slip numbers (BSN), 
which are calculated using Equation 2.3. 
BSN (V,% slip) =(F / N)100         (2..3) 
where, BSN (V, % slip) = brake slip number for a given test speed and percent slip 
F = measured friction force; N = vertical force on test tire; V = test speed. 
Fixed-slip devices have an advantage with the side-force measuring devices in that they can be 
operated continuously without producing undue wear on the test tire (Henry 2000). These 
devices are also more sensitive to microtexture as the slip speed is low. 
 
c) Variable Slip Devices 
Variable slip devices measure the frictional force as the tire is taken through a 
predetermined set of slip ratios (Henry 2000). This device performs a controlled sweep thorough 
a range of slip ratios. ASTM Standard E 1859 (ASTM, 2005c) outlines the full procedure for 
measuring pavement friction using a variable slip technique. The slip friction number (SFN) is a 
measurement of the longitudinal frictional force divided by the vertical force on the test tire. The 
SFN is recorded over a range of slip speeds from zero up to the test speed and the results are 
presented in a graphical format. Locked wheel tester can also be programmed to operate in 
accordance to ASTM E1859 (ASTM, 2005c). 
 
d) Locked-Wheel Devices  
The most common method for measuring pavement friction in the United States is the 




(ASTM, 2005a). This method is meant to test the frictional properties of the surface under 
emergency braking conditions for a vehicle without anti-lock brakes. As opposed to the side-
force and fixed-slip methods, the locked-wheel approach tests at a sliding speed equal to the 
vehicle speed, this means that the wheel is locked and unable to rotate (Henry, 1986). The results 
of a locked-wheel test conducted under ASTM specifications ASTM E274 (ASTM, 2005a) are 
reported as a skid number (SN) or friction number (FN). Equation 2.4 is used for computing SN 
or FN. 
SN (V) = (F / N)100         (2.4) 
where, F = friction force; N = vertical load on the test tire 
Locked-wheel friction testers usually operate at speeds between 40 and 60 mph (64 km/h 
and 97 km/h). Once the target test speed has been attained, a film of water is sprayed onto the 
pavement 10 to 18 inches (254 mm to 457 mm) in front of the test tire. This water film has a 
nominal thickness of 0.5 mm. At this point, a vertical load of 1085 + 15 pounds (4826 + 66 N) is 
applied to the test wheel and the wheel is locked. The wheel is locked for a period of 1 second 
and the frictional force is measured and averaged over that period of time ASTM E274 (ASTM, 
2005a). 
 
e) Laboratory Methods   
Laboratory methods are used for evaluating friction characteristic for core sample or 
laboratory prepared sample. The two devices in use are the British pendulum tester (BPT) ASTM 
E303 (ASTM, 2005b) and the Dynamic friction tester (DFTester) ASTM E1911 (ASTM, 




The BPT is operated by releasing a pendulum from a height that is adjusted so that a 
rubber slider contacts a surface over a fixed length. As the rubber slider moves over the surface 
the friction reduces the kinetic energy of the pendulum in proportion to the level of friction. The 
difference between height before the release and the height recovered later is equal to the loss of 
kinetic energy by the friction between slider and the pavement. Typical slip speed for the BPT is 
considered to be 10 km/h ASTM E303 (ASTM, 2005b). The recovered height is measured in 
terms of British pendulum number (BPN) over range of 0 -140. However, since the speed is very 
low BPN is mainly dependent on the microtexture of the pavement hence BPN is used as a 
surrogate to microtexture. The specification of BPT is specified by ASTM E303 (ASTM, 
2005b). 
The major limitations of this method are as follows: (i) Unreliable behavior on coarse 
roughly surfaced pavement (Salt, 1977); (ii) Only small area of the pavement is tested; (iii) It is 
difficult to take out measurements if the road is having high traffic volume;(iv) Only valid for 
low speed measurement. 
The operation of DFTester is specified in standard ASTM E1911 (ASTM, 2009b). The 
DFTester has three rubber sliders that have spring mounted on at a disk. The disk is suspended 
over the pavement surface and is driven by the motor till the tangential speed of slider becomes 
90 km/h. Water is then applied to the test surface, motor is disengaged and the disk is lowered to 
pavement surface. The tree rubber slider contact the surface and the friction force is measured by 
a transducer as the disk spins down. The DFTester has the advantage of being able to measure 
friction as a function of speed over the range of 0 to 90 km/h. The entire operation is controlled 





2.1.2 Factors Affecting Skid Resistance 
Skid resistance depends on many factors which can be classified in four broad categories 
(Henry, 1986):  
1. Pavement characteristics such as pavement type, pavement surface microtexture and 
macrotexture;  
2. Tire characteristics such as rubber composition/hardness, tread design, degree of tire wear, 
inflation pressure of tire, wheel load and tire/pavement slip ratio; 
3. Pavement surface contaminant characteristics such as water, loose particulate matter and oil 
contaminants; 
4. Operation conditions such as pavement surface temperature and vehicle speed.  
2.1.2.1 Pavement Surface Texture  
The skid resistance of a pavement is known to be affected by many factors and one of the 
key factors is pavement surface texture in the form of microtexture and macrotexture (Kummer, 
1966; Kokkalis Panagouli and Kokkalis, 1998). The coefficient of friction at low speed depends 
mainly on the angularity of the pavement surface asperities which is known as microtexture. 
Microtexture controls the actual contact between tire and pavement by penetrating the thin film 
of water that is not removed by the tire. Microtexture controls the level of skid resistance 
(NCHRP, 1972). The decrease in the coefficient of friction with increase in speed depends on the 
dimensions of the surface asperities which are known as macrotexture, and is governed by the 




Microtexture is a fine scale roughness contributed by the fine aggregates (ACPA, 2000) 
and technically it is the texture defined by the wavelengths of 1mm to 0.5mm and vertical 
amplitude less than 0.2 mm (PIARC, 1987).  
The macrotexture of the pavement refers to the coarse texture defined by the shape of the 
individual aggregate chips and by the spaces between individual aggregate chips. Macrotexture 
refers to texture with wavelengths of 0.5 mm to 51 mm and vertical amplitudes ranging between 
0.1 mm and 20 mm (PIARC, 1987). Additional macrotexture can be produced through small 
surface channels, grooves, or indentations that are intentionally formed to allow water to escape 
from beneath a vehicle‘s tires (FHWA, 2002).  
Figure 2.2 shows the effect of pavement grooving on friction coefficient for various 
pavement groove types for ASTM bald passenger car tires and Figures 2.3 and 2.4 for aircraft 
tires. Data showed on this figures indicate that grooving the pavement increases the friction 
factor by about 0.2 to 0.4, depending on the speed at which the comparison is made (Byrdsong 
and Yager, 1973). 
2.1.2.2 Tire Tread Design 
Bald tires have lower skid resistance compared to tires with full tread depth. As could be 
expected tires with very low tread depths are reported to be more frequently involved in wet 
weather accidents (Dijks, 1976). Deep-treaded tires offer better frictional characteristics because 
they disperse more water. This is especially important at high speeds where the time for 
dispersing water from under tires is very short (ICPI, 2004). Although pavement grooving is 
widely accepted as an effective means of reducing wet-pavement skidding accidents, it has been 
noted, however, that the skid number measured with the ribbed tire is not significantly improved 




decreased dramatically in areas with grooved pavement surfaces. However, on the same surfaces, 
when measured using blank tire and ribbed tire, there was a larger increase in skid resistance 
when the blank tire was used compared to the ribbed tire.  Since the presence or absence of 
grooves on pavements does not significantly affect the ribbed-tire skid number, it is apparent that 
sufficient drainage is provided by the grooves of the tire and that these grooves provide relatively 
good drainage capability. Figure 2.5 and Figure 2.6 shows the effect of tire treads on skid 
resistance for different speeds.  
2.1.2.3 Tire Inflation Pressure 
The wet pavement skid resistance is significantly influenced by tire inflation pressure. 
Low tire inflation pressure can decrease the skid resistance (ICPI, 2002). Figures 2.7 show the 
effect of inflation pressure on locked-wheel braking force coefficients produced by a radial-ply 
automobile tire in shallow water depth 0.76 mm (0.03 in.) and deep water depth 9.14 mm (0.36 
in) at different vehicle speed (Staughton and Williams, 1970). 
2.1.2.4 Wheel Load 
As shown in Figure 2.8 all other parameters remain constant skid resistance was found to 
decrease as the wheel load becomes larger (Tomita, 1964: cited by Sahin, 2005). However, they 
have mentioned that the trend was reversed in the presence of contaminants i.e. when the wheel 








2.1.2.5 Vehicle Speed 
Skid resistance on wet pavements has been found to decrease with increasing speed 
(Henry and Hegmon, 1975). The rate of decrease is smaller on coarser textured pavements, all 
other conditions, including tire tread, being equal. As speed increases, the amount of time to 
disperse water decreases. When the brakes are applied, the velocity of tires decreases. If a tire‘s 
velocity decreases at a rate higher than the vehicle‘s velocity, the tires will slip on the pavement 
surface. When the brakes lock, the slipping becomes skidding. Figure 2.9 show the relation 
between skid number and vehicle speed.  
2.1.2.6 Slip Ratio  
 As shown in Figure 2.10, for wet surfaces, the friction factor increases from virtually nil 
at the free-rolling condition (i.e., 0% slip) to a maximum in the range of 10 - 20% slip 
(depending on factors such as the surface and tire type). As the slip ratio is further increased 
towards 100% (i.e., locked wheel), the friction factor decreases on wet pavements.  
2.1.2.7 Contaminants 
 Ice, snow, and contamination (mud, oil, gravel, etc.) can contribute to the loss of skid 
resistance. Skid performance of pavement is more critical when it is wet since there is a dramatic 
difference between wet and dry skid characteristics. A film of water as thin as 0.002 in. (0.05 
mm) can substantially decrease skid (ICPI, 2002). 
In general, all other parameters being constant, wet-pavement skid resistance decreases 
with increasing water-film thickness and tends to level off for water film thicknesses larger than 




different water depths. At higher vehicle speeds the loss in SN is very high as the wheel load and 
water film thickness increases (Sacia, 1976).  
2.1.3 Hydroplaning 
When a tire rolls along a flooded pavement surface, tire squeezes water from under 
footprint. This squeezing of tire generates water pressures on the surface to the tire. At a critical 
speed the tire will be separated from the ground surface by a thin film of water. This critical 
speed is called hydroplaning speed. The hydrodynamic pressure developed under the tire begins 
from the effects of fluid density and fluid viscosity (Van, 2001). When hydroplaning occurs, 
there will be no braking traction and no directional control stability (Horne and Dreher, 1963). 
2.1.4 Factors Affecting Hydroplaning 
The main factors affecting hydroplaning are surface texture, tread design, wheel load, tire 
inflation pressure, tire-foot print aspect ratio, vehicle speed and contamination.  
2.1.4.1 Pavement Microtexture and Macrotexture 
Microtexture of the pavement has some effect on hydroplaning prevention i.e. in reducing 
hydroplaning risk (Balmer and Gallaway 1983, Horne and Dreher 1963. A good microtexture on 
a pavement is a major means of combating viscous hydroplaning and that a pavement with good 
macrotexture can delay hydroplaning (Mosher, 1969). Microtexture affects the relationship of 
friction coefficient and the water depth (Pelloli, 1977). However, there is no definite 
quantification of the effect of microtexture depth on hydroplaning.   
Macrotexture plays a major role in wet weather friction characteristics of pavement 




Gallaway 1983, Horne and Dreher 1963). Therefore, pavements that are constructed to 
accommodate vehicles traveling at speeds of 50 mph (80 km/h) or greater require good 
macrotexture to help prevent hydroplaning (Hibbs and Larsen, 1996). It is a function of 
aggregate size, shape, angularity, spacing and distribution of coarse aggregates (Panagouli and  
Kokkalis, 1998). 
2.1.4.2 Tire Tread   
The primary function of tire tread design is to provide a low pressure boundary to the 
squeeze film trapped beneath the tread ribs. If the grooves are not flooded, as is the case in 
shallow water, atmospheric pressure prevails as the low-pressure boundary to the squeeze film. 
In deep water, groove pressure increases which result in expulsion of water through the grooves.  
At a certain speed, groove pressure becomes equal to the pressure on the squeeze film 
beneath the ribs. A further increase in speed cannot increase the groove flow rate and so the 
water entering the contact region is accommodated by separation of the tire from the road 
surface. The speed at which groove is choked is known as total dynamic hydroplaning speed. 
Adequate tread designs tend to require higher ground speeds for hydroplaning than 
smooth tread tires. Past researches (Horne and Dreher, 1963; Gallaway et al., 1979) have shown 
that tire treads help in expulsion of water from the tire pavement contact region by providing 
escape channels, thus reducing the risk of hydroplaning. The deeper tire tread depth offers a 
more effective channel for water flow, hydroplaning takes place at a higher speed due to a lower 




2.1.4.3 Tire Inflation Pressure  
Past studies have shown that higher tire inflation pressures lead to higher hydroplaning 
speeds and thus reduce the risk associated with it (Horne et al., 1963). The greater the inflation 
pressure of tire, the greater the rigidity of the tire and the greater the resistance of its tread region 
to inward bending under the action of fluid inertial forces.  It is this inward bending which 
permits the penetration of a thick fluid film into the tire foot print region causing dynamic 
hydroplaning. By increasing the tire inflation pressure, the average pressure in the foot print 
region increases, and this helps to decrease the extent of film penetration and raise the speed at 
which hydroplaning will occur (Browne, 1975). By increasing the tire inflation pressure, the 
occurrence of tire tread groove closure is reduced (Yeager and Tuttle, 1972). These tire tread 
grooves act as channels to expel water from the tire-pavement contact area and thus delay the 
onset of hydroplaning. Figure 2.12 shows the effect of tire inflation pressure on spin-speed and 
hydroplaning speed respectively. 
2.1.4.4 Tire-Foot Print Aspect Ratio 
The footprint aspect ratio (FAR) of pneumatic tires is the value derived from dividing the 
foot print width dimension by its length. Hydroplaning speed is dependent on the tire foot aspect 
ratio as described by the following equation (Horne et al., 1986) 
pFARv p 72.015.178.51           (2.5) 
where, vp is the hydroplaning speed in mph, FAR is the tire foot print aspect ratio and p is the tire 




2.1.4.5 Water Depth 
Hydroplaning speed varies inversely with water depth (Staughton et al., 1970) i.e. higher 
water depths accelerate the onset of hydroplaning. Hydroplaning is known to occur at fluid 
depths as low as 0.02 inch (0.5 mm) to 0.09 inch (2.3 mm) for smooth surface and tread tires 
(Harrin, 1958). Hydroplaning was found to occur at fluid depths between 0.1 (2.5 mm) inch and 
0.4 inch (10 mm) for full-scale aircraft tires on a relatively smooth concrete test truck (Horne and 
Leland, 1962). Figure 2.13 shows the relation between spin down speed and water depth. 
2.1.4.6 Wheel Load  
It has been found by past literature (Horne and Joyner, 1965) that wheel load does not 
have a significant effect on hydroplaning speed for passenger cars. This effect is small because 
the tire acts as an elastic body and changes in vertical load on the tire produce corresponding 
changes in the tire-ground footprint area such that the ratio of vertical load to footprint area 
remains constant at a value approximating the tire inflation pressure. However,  for trucks past 
studies (Horne, 1984; Ivey, 1985) indicates that the potential for hydroplaning with lightly 
loaded truck tires are more likely than laden trucks. Indicating that wheel load has a significant 
effect on truck hydroplaning.  
2.2 Empirical Relationships of Skid Resistance and Hydroplaning 
 In the following sections threshold and empirical approaches adopted by researchers in 




2.2.1 Skid Resistance  
When locked-wheel tests are made with a full-scale tire, the results and their dependence 
of skid resistance on speed are defined in terms of a skid resistance-speed gradient, known as 





          (2.6) 
where V is the test speed, SNGv is the skid number speed gradient at speed V and SN is skid 
number (a function of V).  
The percent normalized gradient (PNG) is also used to characterize the speed dependence 












v          (2.7) 
PNG determined by locked wheel measurements at various speeds. Based on this, an expression 
for the locked-wheel friction as a function of speed can be derived from  






          (2.8) 
Equation 2.8 expresses the locked-wheel skid number (SNv) as a function of speed V in 
terms of two parameters: the zero speed intercepts (SN0) and the percent normalized gradient 
(PNG). SN0, an indication of friction at low speeds, is seen to be a microtexture parameter which 
can be estimated from BPN as follows:  
9.3432.1  BPNSNo  (R
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PNG can be predicted from the sand-patch mean texture depth (MTD) (Henry and Meyer, 
1980: cited by Henry 1986), since it determines the rate at which skid number decreases with 
speed and is related to macrotexture as shown in Equation 2.10: 




 = 0.96)                 (2.10)  
The above empirical relationships permit skid tests to be made at any speed and to 
normalize the results to the customary speed of 64km/h (40mph), provided the tester measures 
the macrotexture as well. If macrotexture is not measured, the SN versus speed curve can be 
generated from locked-wheel skid resistance tests at several speeds and deriving from it PNG 
and SN0.  
2.2.2 Hydroplaning Speed 
This sub section will discuss about some of the empirical models developed by past 
researchers. 
 
Empirical relationship developed by Ivey et al.): 
Ivey, et al (1975) proposed an empirical relationship between rainfall intensity, driver 
visibility and speed as shown in Equation 2.11. The relationship is rationalized for a maximum 
rainfall intensity below which the risk of hydroplaning actually decreases. 
 








Empirical equation developed by Road Research Laboratory (RRL): 
Transit guidelines on hydroplaning (Oakden, 1977) suggests that surface water depth on 
given pavement should be calculated as per Equation 2.12. The surface flow depth is calculated 
above the pavement texture given the slope, flow path length and rainfall intensity.  
 
 
where, d = Depth of flow or water film thickness (mm) at the end of the flow path 
Lf = Length of flow path (m); Sf = Flow path slope; 
The slope and length of the flow path are calculated from the crossfall and longitudinal slope 
assuming a planar road surface as follows,  
 
where Sl = Longitudinal slope (grade); Sc = Cross fall of pavement. 
 
where W = Width of the pavement contributing to the flow 
The model does not include any factors for pavement surface such as MTD etc.  
 
Empirical equation developed by Aggrawal et al.: 
Aggarwal and Henry (1977) performed experiments on locked wheel on pavement with 
water depth less than 2.4 mm and the hydroplaning speed is expressed in terms of water film 
thickness as shown in Equation 2.13. 
5.0)(28.55.37  wp tv                 (2.13)  
(2.12) 




where vp is the hydroplaning speed in mph and tw is the water film thickness in inch. 
The above equation was modified by Huebner et al. (1986) who proposed the use of following 
equation which is valid for the water film thickness above 2.4 mm. 
259.0)(04.26  wp tv                  (2.14)  
Empirical equation developed by Gallaway et al: 
Gallaway et al., (1979) to arrive at a relationship among different parameters i.e. spin 
down, tire inflation pressure, tread depth, water depth and mean texture depth. They developed a 
regression relationship as shown in Equations 2.15. The model was developed for steady-state 
flow condition. The equation is based on an extensive set of water depth data for a variety of 
pavement surfaces. The design rainfall intensity and road geometry is first used to obtain the 
water film depth. This depth is then checked against the hydroplaning speed which in turn is 
checked against the design speed to ensure that hydroplaning does not occur for the design 
storm. The drawback of the equation is that it does not contain a variable to describe the 
hydraulic resistance of pavement surfaces.  Thus the empirical equation developed by Gallaway 
does not differentiate between pavement surfaces.  
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where vp is the hydroplaning speed in mph, SD is the spin-down in %, tw is the water-film 
thickness in inch, MTD is the mean texture depth in inch, and TRD is the tire tread depth in 1/32 
inch. In the present study, the scope is only limited to smooth tire, locked wheel condition (100% 
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A                                                                                            (2.16a) 
where vp is in km/h, pt   in kPa and tw  in mm 
 
Wambold’s (1984) Hydroplaning equation for low pressure tires: 
Wambold et al (1984 ) developed a model for low pressure tires as shown in Equation 
2.17. The equation is based on 10% spin-down; and 165 kPa tire pressure 
   
where, WT = estimated water film thickness (mm); MTD = mean texture depth (mm)  
TD = tire tread (mm); vp = critical hydroplaning speed (km/h); k1, k2, k3, k4, & k5 = empirical 
coefficients with 0.05, 0.01, 1.8798, and 0.01 as typical values for these coefficients, 
respectively.  
The equation developed by Wambold et al. shows the effect of parameters such as film 
depth, tread depth, and pavement texture on hydroplaning (for low-pressure tires). It suggests 
that the hydroplaning speed will be essentially independent of film depth and tread depth. The 
major drawbacks of the above equation are that it is limited to a tire pressure of 165 kPa (24 psi) 
which is lower than most aircraft tires, as well as most of the ground vehicles used to measure 









Hydroplaning equation for truck tires developed by Horne et al.: 
Investigations of truck accidents on highways (Horne, 1984; Horne et al, 1986) showed 
that the footprint aspect ratio needed to be included as a parameter in the predictor equation for 
truck tires. Equation 2.18 was developed based on tests at TTI (Horne et al, 1986):  
Spin-down: 
  5.021.0 )int/4.1()(*3.23)( RatioAspectFootprpsipmphV     (2.18) 






2.3 Theoretical Approaches of Skid Resistance and Hydroplaning Studies 
Previous section discussed about the models that have been developed in the past based 
on the experiments. The current section will discuss about the theoretical and analytical model 
that have been developed in the past by various researchers. The section is subdivided in terms of 
1-Dimensional flow models, 2-Dimensional flow model and 3-Dimensional flow model. 
2.3.1 One-Dimensional Flow Models 
Hydroplaning equation developed by Horne et al.: 
NASA Langley Research Center developed a formula for hydroplaning based on the 
hydrodynamic forces experienced by an aircraft tire (Horne et al., 1962). The well known NASA 
equation was derived by balancing the vehicle down force with the hydrodynamic uplift force as 
shown in Equation 2.19.  
VP =  K (P) 
0.5




where, Vp = Tire hydroplaning speed (mph); K = Constant dependant on fluid and flow 
dynamics determined from experimental data for specific tire and road combinations; P = Tire 
inflation pressure (psi). 
This equation does not account for texture depths or the differing construction of aircraft 
tires and tread depths. This equation also neglects the effect of wheel load and water depth 
present between tire and pavement surfaces. 
 
Hydroplaning equation developed by Huebner: 
Huebner (1997) developed a computer model known as PAVDRN that determines the 
speed at which hydroplaning will be initiated. The model is a one-dimensional, steady-state form 
of the kinematic wave equation. The equation developed by him is shown in Equation 2.20. This 
equation uses Manning's coefficient n which accounts for the nature of the flow over highway 
pavements. Water-film thickness along a maximum flow-path length is used in empirical 
expressions to determine the speed at which hydroplaning is likely to occur along this path. The 
model does not account for the wheel load and the equation was developed considering fixed tire 
conditions. The tire treads depth and the tire inflation pressure is considered to be fixed. The 
hydroplaning equation is shown in Equation 2.21. 
 
 
Where. WFD = Water Film Depth (mm); MTD = Mean Texture Depth;  
S = Slope (m/m);                  = Excess rainfall rate (mm/hr);  
i = Rainfall intensity (mm/hr); f = Infiltration rate or permeability of pavement (mm/hr); 
n = Manning‘s roughness coefficient 
(2.20) 




Vp =  26.04 WFD
-0.259
 (WFD<0.095 in)  
2.3.2 Two-Dimensional Flow Models 
 Model developed by Zhang and Cundy: 
Zhang and Cundy (1989) developed a 2-dimensional model for computing water depths 
and velocities on a 3-dimensional surface. The model considered an inclined plane with irregular 
topography pavement surface. The flow model is based upon a two-step, finite difference 
approximation of the continuity and momentum equations. The model also accounts for surface 
roughness. The primary limitation of the model was lack of stability and convergence of the 
model. As a consequence very small time step was required which results in dramatic increase in 
computation time. To reach an equilibrium conditions it may take many thousands iterations thus 
very long computational time. Hence it is found to be unsuitable for analysis. Later Tayfur et al. 
(1993) applied implicit solution scheme to the model to improve the computational efficiency. 
However the stability and the convergence still remained the issue due to the non-linear 
equations.  
 
Hydroplaning model developed by Martin: 
The analytical model of total hydroplaning developed by Martin (1966) considered 
potential flow theory and the solutions were obtained from conformal mapping techniques. The 
flow problem was considered as 2-dimensional irritation flow of inviscid fluid. The drawback of 
the model is that the coefficient of lift obtained from his model is 0.8 as against 0.644 for the 
NASA equation. The possible reasons for the difference can be attributed to fact that the viscous 






Hydroplaning model developed by Moor: 
D.F.Moor (1967) presented a theory for both partial and total viscous hydroplaning. He 
considered sliding of a rubber block over a two-dimensional smooth sinusoidal asperity, 
separated by a thin film of fluid. He proposed a one-dimensional Reynolds equation solution in 
which inlet, central and outlet regions for the film above the single asperity were treated 
separately. His studies were limited to viscous hydroplaning problem only and a two-
dimensional sinusoidal asperity. Correlation between expected values for load capacity, friction 
level and minimum clearance were obtained by considering many empirical constants in the 
formulation. This becomes major weaknesses of the method that many assumptions on the nature 
of the problem had to be made; there are further limitations due to a two-dimensional asperity 
and a lack of consideration of side flow. This theory is thus strictly limited to the viscous 
hydroplaning situation.  
 
Hydroplaning model developed by Eshel: 
Eshel (1967) analyzed dynamic hydroplaning by considering three regions, namely inlet 
region, central region and trailing region. In the inlet region he considered no side flows. He 
assumed the formulation of bow wave and fluid inertial properties. In the central region he 
considered two-dimensional viscous flows and side flow was also considered which has non-
inertial flow in nature. The atmospheric pressure was considered at the trailing edge of exit 
region. The problems associated with his studies are tire-pavement clearance gap which was 
taken to be two-dimensional. The assumption of a laminar parabolic velocity profile is not 





Hydroplaning model developed by Tsakonas et al.: 
The analytical work conducted by Tsakonas et al. (1968) took a purely inviscid approach 
using hydrofoil theory to solve the problem of hydroplaning of flat rigid surface of small aspect 
ratio in extremely shallow water. The solution proposed was for a planning flat rigid plate of low 
aspect ratio under which the pressure distribution on the pavement was a step function equal in 
magnitude to the tire inflation pressure. The major drawbacks of their studies are that the lift 
coefficient found for this case was quite small compared to NASA‘ experimentally determined 
value. The difference in the results can be attributed to the fact that the real tire surface is not 
planar and the actual flow is not inviscid for the whole tire foot-print region.  
 
Hydroplaning model developed by Browne: 
Browne (1971) investigated a model using a 2-dimensional treatment of a three-
dimensional tire deformation model for hydroplaning based on the Navier-Stokes equations. He 
considered inviscid, laminar and the turbulent models. The side flow component was also 
allowed. Brown adopted steady-state analysis for the hydroplaning problem and in the later part 
of research he considered laminar flow model. Browne's analysis shows that viscous effects are 
not important in hydroplaning where the amount of water encountered by the tire exceeds the 
combined drainage capacity of the tread pattern and the pavement macrotexture. The major short 
coming of his finding is that he incorrectly considered the flow to be laminar flow. 
Brown and Whicker (1983) adopted an interactive procedure to introduce tire 
deformation by considering the interaction of fluid flow model and the tire deformation profile. 




2.3.3 Three-Dimensional Flow Models 
Hydroplaning model developed by Grogger and Weiss: 
` Grogger and Weiss (1996) proposed a 3-Dimensional model considering the flow around 
automobile tire using CFD (Computational Fluid Dynamics). Their investigation is limited to 
non-rotating and non-deforming tires. The calculation is performed at three different velocities, 
30, 60, and 90 km/h and they concluded that neglecting the deformations caused the higher 
pressure distribution at higher speeds. Moreover the model was limited to non deforming tires 
only. In the following year, Grogger and Weiss (1997) investigated the influence of 
hydrodynamic pressures on smooth and grooved tires including deformation and rotation of tire 
and compared with undeformed tire. Their results show significant influence of deforming tires 
at higher vehicular speeds. Their models were limited to smooth tires or tire with only 
longitudinal grooved tires, which do not rotate. 
 
Hydroplaning model developed by Zmindak and Grajciar: 
Zmindák and Grajciar (1997) tried to find out the possibilities of modeling the 
hydroplaning problems with the ADINA fluid structure interaction package (ADINA, 2005) 
using the finite element method (FEM). The water under the tire was considered as an isothermal 
incompressible fluid and the tire structure was considered as a deformable body. The velocity 
profile obtained is shown in Figure 2.14 and Figure 2.15. The major drawback of the model is 
that the flow was considered as laminar and there was no verification using experimental data or 
NASA hydroplaning equation. 
 
 




The model developed by Seta et. al (2000)
 
considered fluid-structure interaction, rolling 
tire, and
 
tread pattern. The tire was analyzed using the finite element
 
method with Lagrangian 
formulation, and the fluid was analyzed by
 
the finite volume method with Eulerian formulation. 
The tire
 
and the fluid can be modeled separately and their coupling
 
is computed automatically. 
They ignored the effect of
 
fluid viscosity as they simulated dynamic
 
hydroplaning with thick 
water films. However, prediction of the hydroplaning velocity was not achieved. 
 
Hydroplaning model developed by Okano and Kosishi: 
Okano and Koishi (2000) proposed a numerical method using MSC.Dytran 
(MSC/DYTRAN, 1997) for predicting the onset of hydroplaning velocity by the computation of 
velocity dependence of the contact force between tire and pavement. In their analysis, tire is 
modeled by Lagrangian formulation and fluid is modeled by Eulerian formulation. The coupled 
problem between tire deformations and surrounding fluid was treated using General Coupling 
Algorithm. They simulated hydroplaning of a tire only for water depth exceeding 10 mm because 
DYTRAN could not handle the viscous effect, which may be significant below 10 mm of water 
depth. Moreover, a large number of Lagrangian elements for a tire as well as Eulerian elements 
for water around the tire were needed in the simulation, and a significant amount of computing 
time was used. 
 
Hydroplaning model developed by Andern and Jolkin: 
Andren and Jolkin (2003) made use of ABAQUS finite element software (ABAQUS Inc., 




finding of their analysis did not as match the experimental results. The possible causes for this 
can be attributed to the negligence of microtexture effect.  
 
Hydroplaning model developed at NUS: 
The research team of NUS (Ong et al., 2004) developed a numerical model which is 
based on a three-dimensional finite volume model based on Browne model as shown in Figure 
2.16. The simulation results were verified against the well-known NASA hydroplaning equation 
(see Figure 2.17). The model was further extended to predict hydroplaning speed for the 
transversely grooved pavement surface and longitudinal grooved pavement surface (Ong and 
Fwa, 2006a; 2006b). In their studies, hydroplaning speeds higher than the predicted NASA 
hydroplaning speed of 86.9km/hr were obtained for a passenger car tire with tire inflation 
pressure of 186.2kPa, when transverse and longitudinal pavement grooving designs were used. It 
was concluded that larger groove width and depth and smaller groove spacing help to reduce the 
occurrences of hydroplaning by increasing the hydroplaning speed and the friction coefficients at 
hydroplaning. The main drawback of this model is the assumption of fixed tire profile. 
Since the model considered a fixed tire profile it was not able to predict skid resistance 
for various conditions. The NUS team subsequently (Ong et al., 2007) developed model using 
ADINA fluid structure interaction package to consider load deformation of tires, and was able to 
predict resistance as well as hydroplaning speed. However the model does not consider the 







Hydroplaning model developed by Cho et al.: 
Cho et al. (2006) developed a numerical 3-dimensional hydroplaning simulation model 
for an automobile tire model P205/60R with non-symmetrical tread pattern by coupling the finite 
volume method and an explicit finite element method. The free surface boundary of rainwater 
was tracked by linearly interpolating the volume fractions that were approximated by the solving 
equations. In their observation they found that the hydrodynamic forces increase in the 
proportional to the square of the tire rolling speed. The proposed model does not take into 
account pavement surface texture properties and the tire is not allowed to rotate. 
 
Hydroplaning model developed by Oh et al.: 
Oh et al. (2008) proposed a new methodology for hydroplaning simulation of a tire. They 
used a finite element tire model incorporated with an FDM (Finite Difference Method) model. 
They used the model iteratively until a converged water pressure distribution was obtained. The 
hydroplaning speed obtained from the simulation monotonically increased as the vehicle speed 
of water depth increased. The proposed model does not take into account the pavement surface 
texture properties and the tire is not allowed to rotate. 
2.4 Research Needs and Scope of Study 
 Based on the literature review provided in this chapter, it is noted that numerous 
experiments have been done to understand the hydroplaning and skid resistance phenomenon of 
vehicles on highway pavements and to predict their values.  
Experimentally derived relationships by past researchers are available to estimate the 
effect of hydroplaning risk. However, these statistical relationships have limitations in their 




considered flow to be laminar even though it has been found that during hydroplaning the flow is 
turbulent. Many researchers neglected the effect of tire deformation profile and the elasto-
hydrodynamic aspect of the problem. Some of the numerical models that attempts to provide for 
fluid-structure coupling do not consider turbulent flow modeling. Researchers have encountered 
difficulties in producing suitable models for hydroplaning and skid resistance due to the intrinsic 
complexity of the problem.   
The work performed at NUS so far provides a good simulation model to study the skid 
resistance and hydroplaning problem. However, it has to be further refined. The possible areas of 
research to enhance the capability of the NUS model are:  
 In assessing the benefits of pavement grooving in improving hydroplaning and skid 
resistance for passenger car tires, aircraft tires and truck tires; 
 In evaluating hydroplaning and skid resistance of rolling tires under different slip and 
yaw conditions; 
 In assessing the effectiveness of tire grooving in improving hydroplaning and skid 
resistance on grooved pavement surface for passenger car tires, aircraft tires and truck 
tires;  
 In assessing the effect of pavement macrotexture on hydroplaning speed and skid 
resistance on ungrooved pavement surfaces; 
 In assessing the effect of pavement grooves on traffic noise generation; 





Table 2.1: Skid resistance measurement (after Henry, 1986) 
 
 
(a): Locked-Wheel Methods 
 
(b): Slip Methods 
 




Skiddometer BV 11 15 VTI 4.00-8 0.5 Sweden, Slovakia 
Skiddometer BV 12 0-50 Passenger car type 0.5 Sweden (VTI) 
Saab Friction Tester 
(RST) 
15 VTI 4.00-8 0.5 Sweden 




Griptester 14.5 Griptester 0.5 Scotland, Canada 
 
(c): Side Force Methods 
 









road inventory machine 
(SCRIM) 
20 3.00-20 (smooth) 0.5-1 
United Kingdom, 
Australia, Belgium, 
France, Ireland, Italy, 
Spain 
Mu meter 7.5 Special External 
United Kingdom, United 










Skid resistance trailer 
(ASTM E274) 
Ribbed (ASTM E501), Blank (ASTM 
E524) 
0.5 




PIARC (ribbed) 1 Germany 
Skiddometer BV8 165-R15 (ribbed) 0.5 Switzerland 
Polish SRT-3 Patterned 0.5 Poland 























































Figure 2.2 Skid resistance obtained by NASA on bald tires (after Horne, 1969) 
  
 





































































Figure 2.5 Peak braking force coefficients for smooth and rib tires for smooth   concrete 












 Figure 2.6 Peak braking force coefficients for smooth and rib tires for rough asphalt 
surface at water depth of approximately 0.9 mm (after Maycock, 1967) 
















































































 Figure 2.7 Effect of tire inflation pressure on locked-wheel braking force coefficients 























































































































 Figure 2.11 Effect of water depth on locked-wheel braking coefficient (after 











Figure 2.12 Effect of tire inflation pressure on hydroplaning for flooded smooth and rough 






















































 Figure 2.13 Hydroplaning speed predicted by experimental results of Staughton and 
























































































   Arrows indicate regions where  
    tyre would not spin down 
Tyre Pressure 150 KN/m
2 
                                  Load (N) 
         Radial      1        1385 
         Radial      2        1385      
         Crossply  3        1555    
         Crossply  4        1580   
           (full tread smooth)    
          Crossply  5        1335   
        (worn smooth) 
   Smooth concrete 
 










































 Figure 2.16 Tire deformation profile of hydroplaning tire (Browne, 1971) 


















3 DEVELOPMENT OF SIMULATION MODEL FOR SKID RESISTANCE AND 
HYDROPLANING ON GROOVED PAVEMENT 
 
3.1 Introduction 
In normal highway operations, the common measures available to road users and 
highway agencies to improve skid resistance and raise hydroplaning speed can be divided into 
two broad categories: namely choice of tire by vehicle owners and improvement of pavement 
macrotexture by highway agencies. The beneficial effects of tire and pavement grooving in 
reducing hydroplaning and enhancing skid resistance have already been explained in Chapter 2.  
This chapter presents the fundamentals leading to the development of a numerical model 
that simulates pneumatic tire hydroplaning, based on a known tire deformation profile, using 3-
dimensinoal finite element modeling. The fundamentals of computational fluid dynamics (CFD) 
to develop a numerical model for the analysis of hydroplaning would be discussed in the first 
part. The second part of the chapter describes the further development of the analytical model 
that is capable of determining the hydroplaning speed as well as the available skid resistance on 
wet pavements for a locked wheel sliding on a flooded pavement surface. This simulation model 
would treat the tire-fluid-pavement problem by considering tire-to-fluid, fluid-to-pavement, as 
well as tire-to-pavement interactions.  
3.2 Computational Fluid Dynamics  
Computational fluid dynamics (CFD) uses numerical methods and algorithms to solve 
and analyze problems that involve fluid flows. CFD is a sophisticated computationally-based 
design and analysis technique. The CFD technique can simulate flows of gases and liquids, heat 




interaction and acoustics. The CFD can be applied to prepare virtual prototype of the problem 
and calibrate real-world physics and chemistry (FLUENT Inc., 2005). Figure 3.1 shows the basic 
steps involved in a CFD simulation. The fundamental basis of any CFD problem is the Navier-
Stokes equations which will be discussed in the following subsections. In the following sections 
the general numerical formulations of fluid flow related to the model would first be discussed, 
followed by formulations related to turbulent flow would be discussed. The CFD software 
FLUENT (FLUENT Inc., 2005) was used for the present study. The overall procedure used in 
FLUENT is shown in Figure 3.2. 
3.2.1 Fluid Flow Model for Computational Fluid Dynamics 
The fluid flow model is based on the fundamental equations of computational fluid 
dynamics. The equations are based on the universal laws of conservations namely the 
conservation of mass, the conservation of momentum and the conservation of energy. The mass 
conservation equation, otherwise known as the continuity equation, is shown in Equation 3.1 in 























      
       
where ρ, u, v, w and t represent the density, x-velocity, y-velocity, z-velocity and time 
respectively. Equation 3.1 is the unsteady, three-dimensional mass conservation or continuity 
equation at a point or it can be considered for very small region in a compressible fluid using 
differential analysis. Alternatively, using the control volume method, the continuity equation can 


















The momentum equations in non-conservation form are shown in Equations (3.4a) to 
(3.4c) using Newton‘s second law for viscous flow and Newtonian fluids. The forces for an 
infinitesimally small moving Newtonian fluid element include body forces f and the surface 
forces which include pressure on the surface by surrounding elements p and the shear and normal 






































































     
The rate of linear deformation of a fluid element has nine components in three 
dimensions, six of which are independent for isotropic fluids. Denoted by eij, the three linear 
elongating deformation components, six shearing deformation components, and volumetric 
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           (3.4b) 
           (3.4a) 
            (3.4c) 
        (3.5a) 
        (3.5b) 
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The Navier Stokes equations are derived by incorporating viscous stresses which are 
proportional to the rates of deformation for a Newtonian fluid. Two constants of proportionality 
are involved, the first being the dynamic viscosity,  , to relate stresses to linear deformations, 
and the second viscosity, , to relate stresses to the volumetric deformation. The nine viscous 








































































zyyz         
These stresses shown in Equation (3.6a) to (3.6f) when are substituted into the 
momentum equations; the Navier-stokes equations are obtained as shown in equation (3.7a) to 
(3.7c). The equation can be rewritten in the form of Equations (3.8a) to (3.8c), which is used for 
the development of the finite volume method.  
         (3.5d) 
      (3.6a) 
      (3.6b) 
      (3.6c) 
       (3.6d) 
       (3.6e) 
       (3.6f) 

































































































































































































































      
 
 
   
where SMx, SMy and SMz are the source terms ( due to gravity) in the x, y and z direction 
respectively.  
The Navier-stokes equations are second order, partial differential equations. Exact 
mathematical solutions can only be obtained for a few cases such as the Couette flow and the 
Poiseuille flow. Equations 3.2 and 3.8 are to be solved numerically through Computational fluid 
dynamics (CFD). In addition to these governing solutions for viscous flow, depending on the 
interaction between the moving fluid and the body, the Navier-stokes equations can be subjected 
to laminar or turbulent flows.  
3.2.2 Solver Algorithm for Computational Fluid Dynamics 
3.2.2.1 Segregated Solver 
The segregated solver solution is based on the pressure as against the coupled solver 
solution which is based on density. This makes the segregated solver better at low speed flows 
































































governing equation for conservation of mass, momentum, and energy, as mentioned in the 
previous paragraphs, are solved using segregated solver provided by FLUENT. The non-linear 
and the coupled equations take several iteration of solution loop before a converged solution is 
obtained. Each discrete governing equation is linearized implicitly to the dependent variable of 
the equation. These resultant linear equations are then solved using a point implicit (Gauss-
Seidel) solver in conjunction with an algebraic multi grid method. The segregated algorithm is 
memory-efficient, since the discretized equations need only be stored in the memory one at a 
time. The steps that are followed in segregated algorithm within iteration are shown in Figure 3.3 
and outlined below: 
1. Fluid properties including turbulent viscosity (diffusivity) is updated based on the current 
solution. 
2. Momentum equations, one after another is solved using the recently updated values of 
pressure and face mass fluxes. 
3. The pressure correction equation using the recently obtained velocity field and the mass-
flux is solved. 
4. Face mass fluxes, pressure, and the velocity field using the pressure correction obtained 
from Step 3 is corrected. 
5. The equations for additional scalars, such as turbulent quantities, energy, species, and 
radiation intensity using the current values of the solution variables are solved. 
6. The source terms arising from the interactions among different phases (e.g., source term 
for the carrier phase due to discrete particles). 





3.2.2.2 Pressure Interpolation Scheme 
FLUENT provides pressure interpolation scheme or PRESTO! which is used to compute 
the face values of pressure from the cell values. This scheme uses discrete continuity balance for 
a staggered control volume about the face to compute the face pressures. For flows with high 
swirl numbers, high-Rayleigh-number natural convection, high-speed rotating flows, flows 
involving porous media, and flows in strongly curved domains. PRESTO! Scheme is also used 
for the VOF and mixture multiphase models like the one developed in this study. 
3.2.2.3 Pressure-Velocity Coupling 
Pressure-Implicit with Splitting of Operators (PISO) is used for pressure-velocity 
coupling in the numerical model developed. PISO is a part of SIMPLE algorithm family, which 
is based on the higher degree of the approximate relation between the corrections for pressure 
and velocity (Patankar, 1980). As in SIMPLE and SIMPLEC algorithms new velocities and 
corresponding fluxes do not satisfy the momentum balance after the pressure-correction equation 
is solved so the calculation must be repeated until the balance is satisfied. To further improve the 
efficiency of the calculation, the PISO algorithm performs two additional corrections: neighbor 
correction and skewness.  
PISO algorithm moves the repeated calculations required by SIMPLE and SIMPLEC 
inside the solution stage of the pressure-correction equation. After more additional loops, the 
corrected velocities satisfy the continuity and momentum equations more closely. This process is 
named as a momentum correction or ―neighbour correction‖. This algorithm takes slightly more 





For some degree of skewed meshes, the approximate relationship between the correction 
of mass flux at the cell face and the difference of the pressure corrections at the adjacent cells is 
very rough. The pressure-correction gradient along the cell faces are not known in advance, an 
iterative process similar to the PISO neighbour correction described above is needed. The 
pressure-correction gradient is recalculated and used to update the mass flux corrections after the 
initial solution of the pressure-correction equation. This process, which is referred to as 
―skewness correction‖ significantly reduces convergence difficulties associated with distorted 
meshes (FLUENT, 2005).  
3.2.3 Turbulence Fluid Flow Modeling 
The flow expected during hydroplaning is largely turbulent in nature (Schilichting, 1960; 
Wallace, 1964). This implies that the simple fluid model as explained in the previous section 
cannot be applied for the present study. A flow model applicable to turbulence study will be 
necessary.  
3.2.3.1 Flows in Turbulent Regime 
A turbulent flow of fluid is defined as an irregular condition of flow in which the various 
quantities show a random variation with time and space coordinates. Turbulent flow occurs when 
the motion of the fluid is unsteady even with constant imposed boundary conditions. 
Due to the irregularity and random nature of turbulent flow in space and time, properties 
of turbulent flow such as velocity can be decomposed into a steady mean value U with a 
fluctuating component u‘(t) superposed on it as shown in Equation 3.9: 
U(t) = U + u‘(t)       (3.9) 




)(')( tt          (3.10) 
Turbulent flow can therefore be defined by the mean properties of flow properties ( U, V, 
W, P etc) and the statistical properties of their fluctuations (u‘, v‘, w‘, p‘ etc) can be obtained. By 
applying time-averaging operations, Reynolds time-averaged Navier-stokes equation can be 
obtained. Equation 3.11 defines the mean  of a flow property and Equation 3.12 states that the 























'         (3.12)  
Using the above stated definition, the Reynolds time-averaged continuity and the time-
averaged Navier-stokes equations or the Reynolds equations can be obtained as shown in 
Equation 3.13 and Equation 3.14 respectively. 
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Although time-averaging operations on the momentum equations allows the state of the 
flow in the instantaneous fluctuations to be removed, it result in six extra unknowns know as the 
Reynolds stresses. These Reynolds stresses include the normal stresses 2'2' , vu   and 
2'w , which are always non-zero as they contain squared velocity fluctuations. The shear 
stresses ''vu  , ''wu and ''wv are also non-zero and are usually very large. Therefore 
closing assumptions need to be applied to the Reynolds equations through turbulence modelling.  
   Researchers over the past have developed different models to close the system of 
equations shown in Equation (3.13) and Equation (3.14). In the current simulation model, k-  
turbulence model is adopted and the description of this model will be discussed the following 
sub sections. 
3.2.3.2 k-ε Model (Two-equation Model) 
In the current model the effect of convection and diffusion of turbulence properties 
cannot be neglected as in tire-pavement interaction bow waves are expected to form and fluid 
separation are expected to occur so the turbulence dynamics has to be considered. The two 
important characteristics of turbulent flow are energy dissipation by smaller eddies doing work 
against viscous stresses and the transfer of kinetic energy from large to smaller eddies. Two 
equation model, such as k-  model, focus on the mechanism of turbulent kinetic energy. The 
semi-empirical standard k-  model (Launder and Spalding, 1974) has two model equations, one 
for k, the kinetic energy and another for , the dissipation of turbulent kinetic energy, as shown 

























































       
    
                     
 
These equations consist of 5 unknowns C , k ,  , 1C and 2C . The standard k-  
model employs constants that are arrived at by comprehensive data fitting for a wide range of 
turbulent flows: 
C  = 0.09;  k  = 1.00;    = 1.30; 1C  = 1.44; 2C  = 1.92.         
The advantages of the standard k-  model include the simplicity of the model compared 
to other models such as zero-equation and one-equation models is that only initial and/or 
boundary conditions need to be supplied. Closure can be achieved by assuming the law of wall 
holds in the inner region and either using wall functions of the form described by Launder and 
Splading (1974). The performance of k-  model in many industrially relevant flows is well 
established and it is the most widely validated turbulence model. However, it can be more 
expensive to implement due to the consideration of Equation 3.15 in addition to the Reynolds 
averaged Navier-stokes equations. It has relatively poor performance in some cases such as some 
unconfined flows, flows with large extra strains, rotating flows and fully-developed flows in non 












3.2.4 Different Flow Models Used in FLUENT  
3.2.4.1 Multiphase Flow 
In multiphase flow, a phase can be defined as an identifiable class of material that has a 
particular inertial response to and interaction with the flow and the potential held in which it is 
immersed. The proposed model is essentially a free surface flow with moving boundaries. The 
complexity involve with the free surface is to identify the boundaries; this cannot be predefined 
so an iterative is required. The two main methods used in the model are interface (air-water 
interface) tracking and capturing methods. Interface tracking treats the free-surface as a sharp 
interface, whose motions is tracked and boundary fitted grids are used and advanced each time 
the surface is moved.  A fixed grid extending beyond the free surface is used, whereby fraction 
of each near-interface cell that is partially filled is calculated to get the shape of the free surface.  
3.2.4.2 Volume of Fluid (VOF) Model 
FLUENT package includes the VOF model which can model two or more immiscible 
fluids, by steady for transient tracking of the liquid-gas interface and by solving a single set of 
momentum equations and tracking them. In VOF model only segregated solvers can be used and 
the implicit and explicit solver cannot be used. The VOF model can be applied to time-dependent 
problems. The VOF model can also be applied to steady state problems if the solution is 
independent of the initial conditions and there are distinct inflow boundaries for each flow 
In the hydroplaning model currently considered the model is modeled in such a way that 
it is steady state problem with distinct boundaries for air and water. Past researchers have already 
shown that hydroplaning modeling can be done as a steady state problem (Martin, 1966; Eshel, 




     As in VOF model fluids are not considered to be penetrating, for each additional phase 
in the model, a variable (volume fraction of the phase) is introduced in the computational cell. In 
each control volume, the volume fraction of all phases must sum to unity. This means that the 
variables and properties of a given cell are purely representative of one of the phase, or 
representative of a mixture of phases, depending on the volume fraction values. It the qth fluid‘s 
volume faction in the cell is denoted by αq, then, 
αq = 0: the cell is empty ( of the qth fluid). 
αq = 1: the cell is full ( of the qth fluid). 
0 < αq < 1: the cell contains an interface between the qth fluid and one or more other 
fluids. Based on the local value of αq, the appropriate properties and variables will be assigned to 
each control volume within the domain.  
The continuity equation, for that particular fluid‘s volume fraction is then solved, 
followed by the momentum equation, which is dependent of the volume fractions of all phases. 
The primary phase volume fraction can be computed based on the constraint shown in Equation 
3.17 to Equation 3.19. After the momentum equation is solved, the resulting velocity field and 
other quantities are shared among the phases, and thus tracking of the interface (volume fraction 















q          (3.18) 









where F is the force vector due to external sources ( which is zero in this model since no external 
sources are specified). For additional scalars such as turbulence quantities, a single set of 
transport equations is solved and the quantities are shared by the phases throughout the field.  
The implicit interpolation scheme can be used for both steady-state and the solution of 
transient flow problems that consider unsteady diffusion and convection-diffusion equations 
because of its unconditional stability. In this scheme, FLUENT uses its standard finite difference 
interpolation schemes to obtain the face fluxes for all the cells, including those near the interface. 
The related equation is shown in Equation 3.20, whereby the volume fraction at the current time 
step is required and obtained through the solving of the scalar transport equation iteratively for 





























         (3.20) 
3.2.4.3 The k-ε Model for Turbulence 
The equations for the k-  model that FLUENT uses, are similar to that of Equation 3.15. 






































































































kG represents the generation of turbulent kinetic energy due to the mean velocity 
gradients; bG  is the generation of turbulent kinetic energy due to buoyancy; MY  represents the 




and the 1C ,  2C , 3C , k  and   are similar constants as shown in Equation 3.15 in the 
model, while  kS and S are the source terms.  
3.2.4.4 Wall Functions Used in FLUENT 
FLUENT uses the standard wall functions that are based on that proposed by Launder 
and Spalding (1974) which have been widely used in industrial flows. These flow models and 
governing equations allows the transition of turbulent flow to laminar flow in the boundary layer 
near the wall. 
3.2.4.5  Momentum Equation Used in Wall Function 
The law of mean velocity is employed as mentioned in Equation 3.22 to 3.24, which is 















*         (3.23) 
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*         (3.24) 
where  is the von Karman constant (=0.42); E is the empirical constant ( =9.793); UP is the 
mean velocity at point P; kP is the turbulence energy at point P; yP is the mean distance from 




be valid for y*> 30 to 60. In FLUENT, the log-law is employed when y* > 11.225. For y* < 
11.225, the laminar stress-strain relationship is employed as shown in Equation 3.25. 
** yU          (3.25) 
3.2.4.6 Turbulence Equations Used in Wall Function 
In the k-  model, the k-equation is solved in the whole domain including the wall-






        (3.26) 
where n is the local coordinate normal to the wall. 
On the basis of the local equilibrium hypothesis is used to compute the creation of kinetic 
energy, Gk and its dissipation rate   at the wall-adjacent cells, which are the source terms. Under 
this assumption, the production of k and its dissipation rate are assumed to be equal in the wall-
adjacent control volume. The creation of kinetic energy, Gk, is computed from Equation 3.27 
while the dissipation rate is computed from Equation 3.27. Equation 3.28 is also utilized to solve 



































3.2.4.7 Energy in Wall Function 
Reynolds' analogy between momentum and energy transport gives a similar logarithmic 
law for mean temperature. As in the law-of-the-wall for mean velocity, comprises the 
logarithmic law for the turbulent region where effects of turbulence dominate.  
3.2.5 Concept of Hydroplaning Modeling and Tire Deformation Profile 
The hydroplaning model as shown in Figure 3.4 has been used by the past researchers 
(Ong et al., 2005) to model smooth plane surface with ASTM smooth tire to verify the empirical 
NASA hydroplaning equation. The model adopted for the current study is shown in Figure 3.5. 
This model is similar to the hydroplaning profile as verified by Ong (2005), whereby three main 
regions can be identified, namely the entry region, the main hydroplaning region and a land 
region where the tire-pavement gap is less than a millimetre thick.  The model corresponds to the 
three-zone concept as proposed by Veith (1983) where hydrodynamic lubrication, mixed 
hydrodynamic lubrication and boundary layer lubrication respectively are considered in the three 
zones. The tire deformation profile adopted in the model is as per the numerical research 
conducted by Browne (1971), which in turn is based on the experiments conducted by Horne and 
Joyner (1965) with a pneumatic tire pressure 186.2 kPa (27psi) and a speed of 96.5km/h (60mph) 
on a flooded glass plane surface with water film thickness of 7.62mm (0.3in).   
The hydroplaning phenomenon on a locked wheel sliding on a flooded smooth pavement 
is modelled. For an observer in stationary frame of reference, the hydroplaning phenomena can 
be viewed as, a moving wheel at speed Um/s sliding along a smooth pavement flooded with 
water as shown in Figure 3.6(a). Alternatively, in a moving wheel frame of reference, the 




and pavement surface also moving at a speed of Um/s towards the wheel. The numerical model 
has been modeled in a moving frame of reference as shown in Figure 3.6(b).  
3.2.5.1 Pavement Surface Model 
In the prior study by Ong (2005), a smooth plane pavement surface has been used for the 
verification of the NASA hydroplaning equation. In the current model different groove patterns 
have been added to study the effect of macrotexture on hydroplaning. ―Smooth‖ indicates that 
the average roughness height of the micro-texture is zero and the term ―plane‖ refers to a plane 
surface without any pavement grooving and any form of inclination or slope. Description of 
different groove pattern that has been analyzed will be dealt in subsequent subsection. 
3.3 Finite Element Modeling of Tire-Fluid-Pavement Interaction 
  This section will describe about the finite element modeling of tire-fluid- 
pavement interaction of the simulation model. Wheel is assumed to be non-rotating and skid 
resistance is measured under different loading conditions, tire inflation pressure and water film 
thickness.  The model consists of three sub-models: the pavement model, fluid model and tire 
model. These models will be described in the following paragraphs.  In this study the finite 
element software package ADINA (ADINA R&D Inc. 2005a) is used to analyze the tire-fluid-
pavement interaction problem. The software consists of three parts, namely, ADINA for tire and 
tire-pavement contact modeling, ADINA-F for fluid flow modeling, and ADINA FSI for tire-
fluid interaction modeling. 
The proposed three-dimensional finite-element model makes use of a moving-wheel 
frame of reference. The problem is modeled as a layer of water with a given thickness and a 




analysis is adopted. The proposed model is formulated to simulate tire-pavement interaction, as 
well as the steady state flow on the pavement surface and around the tire. 
3.3.1 Pneumatic Tire Modeling 
   A key component in the simulation of skid resistance and hydroplaning is the 
modeling of the tire. The properties of the ASTM E524 standard smooth tire (ASTM 2005d) are 
used in this section to illustrate the modeling of a tire for skid resistance and hydroplaning 
simulation. A tire is modeled using 4-node isoparametric single-layer shell elements, known as 
the Mixed-Interpolation-of-Tensorial-Components (MITC4) elements in the ADINA software. 
Shell elements are used as they have been successfully used by other researchers in the modeling 
of tires in friction studies (Tanner, 1996; Johnson et al., 1999). The boundary conditions that 
govern the modeling of the pneumatic tire are:  
• Fluid-structure interface at the tread face of the tire,  
• Wheel load acting on the rim of the tire, and  
• Tire inflation pressure acting on the inner faces of the tire.  
In the modeling of a pneumatic tire, three structural components are considered, namely 
tire rim, tire sidewalls and tire tread. Structural model of tire is validated against the 
experimental results and the structure properties have been considered by trial and error 
approach. The choice of the elastic properties of the tire tread requires a careful calibration so 
that the simulated footprint would be as close as possible to the actual footprint of a stationary 
tire on a dry pavement under the same load. In the calibration process, the elastic modulus of the 
tire tread is varied from 50 MPa to 250 MPa in intervals of 50 MPa. The Poisson‘s ratio and 
density of the rubber are kept as 0.45 and 1200 kg/m
3 
respectively. The tire rim is conceded 




density of 2,700 kg/m
3
. The tire sidewalls are assumed to be of a homogeneous, isotropic elastic 
material with a composite elastic modulus of 20 MPa, a Poisson‘s ratio of 0.45 and a density of 
1200 kg/m
3
 (Tanner 1996, Zmindak and Grajciar 1997).  
3.3.1.1 Calibration of the Tire Modeling 
Calibration of the tire modeling with the actual experimental results is one of the most 
important parts in this modeling. In order to calibrate results of the contact footprint dimensions 
against the measured tire contact footprint data published by PIARC (1995) were compared.  
Different parameters were varied based on trial and error till the desired accuracy is achieved. 
The analysis indicates that using the elastic modulus of 100 MPa for the tire tread rubber, the 
simulation would yield contact footprint dimensions with less than 3% error as compared to the 
experimental results.  In the calibration process, the elastic modulus of the tire tread is varied 
from 50 MPa to 250 MPa in intervals of 50 MPa. The Poisson‘s ratio and density of the rubber 
are kept as 0.45 and 1200 kg/m
3 
respectively. 
3.3.2 Fluid-flow Modeling 
Navier-Stokes equations as described in detail in prior section have been used to model 
the fluid flow near the tire pavement contact region. Same set of equations cannot be used while 
modeling fluid-structure interaction. The Arbitrary-Lagrangian-Eulerian (ALE) formulation has 
been used successfully in various FSI problems. In a general ALE coordinate system, it is 
convenient to express the governing equations in integral form in an arbitrary volume V bounded 














where τ is the stress tensor, e is the strain tensor, v is the velocity vector, w is the moving mesh 
velocity vector, p is the fluid pressure, ρ is the density, E is the specific energy, e is the internal 
energy, θ is the effective viscosity, λ is the second viscosity, f
B 
is the specific rate of heat 




being its diffusion coefficient and source term respectively, and ψ represents any other 
variables governed by the Laplace equations, with d
ψ 
being its diffusion coefficient. The 
variables that ϕ might represent are the turbulence kinetic energy K and the turbulence 
dissipation rate ε for the K-ε turbulence model. The variables that ψ represents are the increments 
of fluid displacement Δd
f 
for the moving boundary condition. The fluid body force f
B 
in this case 
includes the gravitational forces. For incompressible flows, the density is assumed to be constant.  
The fluid model near the tire pavement contact patch is solved using a set of Navier 





K- ε model turbulence flow model is used in the simulation modeling. The K- ε flow models are 




where K is the kinetic energy, ε is the rate of dissipation of turbulence and t is the turbulent 
viscosity, ρ is fluid density, g is gravitational acceleration vector, σ is coefficient of surface 
tension, k is thermal conductivity, D is deformation rate, and  C  = 0.09; 1C  = 1.44; k  = 
1.00;   = 1.30; 2C  = 1.92; 3C  = 0.8; k  = 1.00;   = 1.30;   = 0.9. 
The choice between laminar flow model or a turbulence flow model should depends on 
the sliding wheel speed. The laminar flow model is appropriate for modeling a flow at low 
vehicle speeds with Re < 500 while the turbulent flow model is needed to analyze a flow at high 
or near-hydroplaning speeds with Re > 2000. For 500 < Re < 2000, the flow is transitional and 
may be either turbulent or laminar (Streeter et al. 1998). 
3.3.2.1 Finite Element Mesh for Fluid Sub Model  
The fluid domain is modeled using 4-node tetrahedral elements. This element type is 
suitable for three-dimensional flows of both high and low Reynolds and Peclet numbers (ADINA 













/s respectively (Chemical Rubber Company 
1988). For smooth passenger car tire modeling the ASTM E524 standard smooth tire (ASTM, 
2005d) is adopted for this study.  The structural properties and geometric dimensions of the tire 



































































effect of grooves on skid resistance a range of groove depths from 1 mm to 10 mm is considered. 
The properties of water and air at 20
o
C are used in this study. The density, dynamic viscosity and 
kinematic viscosity of water at 20
o
C are 998.2 kg/m
3









respectively (Chemical Rubber Company, 1988). The density, dynamic viscosity and kinematic 
viscosity of air at the standard atmospheric pressure and 20
o
C are 1.204 kg/m
3









/s respectively (Belvins, 1984).  
3.3.2.2 Boundary Conditions for Fluid Sub Model  
The boundary conditions of the fluid domain are:  
• Velocity inlet at the front to simulate the vehicle speed under locked wheel 
conditions,  
• Zero pressure (i.e. atmospheric pressure) at the side outflow,  
• Pressure outlet at the front of the wheel to simulate the splash,  
• Zero pressure at the contact surface between the tire and the pavement, and  
• Fluid-structure interface at the tread face of the tire.  
3.3.3 Modeling of Fluid Structure Interaction  
The fundamental conditions applied to the FSI are kinematic condition and dynamic 
condition which means displacement compatibility and traction equilibrium. The tire model and 
the fluid model use completely different mesh and thus the fluid nodal displacements are 
interpolated using solid model nodes keeping the initial nodes preserved. Similarly, the fluid 
traction at a solid node is interpolated using the stress of the fluid boundary element where the 
solid node is located. For the coupled problems like this, the fluid traction affects the structural 




equation is a nonlinear system regardless of the solid model used (linear or nonlinear), since the 
fluid equations are always nonlinear. An iteration procedure is used to obtain the solution at a 
specific time. The stress criterion and displacement criterion are defined as shown in Equation 









 is stress of fluid, d
k
s
 is displacement in solid,  0 is constant (10
-8
),    and  d  are 
tolerances for stress and displacement convergence. 
3.3.4 Modeling of Pavement Surface  
The deformation of pavement surface as compared to the tire will be negligible. Hence, it 
is very safe to assume pavement surface as rigid body as compared to the tire model. The 
pavement is assumed to have an elastic modulus of 30 GPa, a Poisson‘s ratio of 0.15, and a 
density of 2,200 kg/m
3
. The pavement surface is modeled using the 4-node isoparametric single-
layer MITC4 shell elements in the ADINA software. This element type is suitable for use to 
model both thin plates and shells (ADINA Inc. 2005a). The nodes on the pavement surface are 













































3.3.5 Tire Pavement Interface 
Accurate modeling of tire and pavement is key to study skid resistance on grooved 
pavement surface. The Coulomb concept of friction (Bathe 1996) is adopted for the simulation 





is the contactor segment tangential force, μ is the coefficient of friction and λ is 
the contactor segment normal contact force. The contact algorithm used in the simulation is the 
constraint function method. The pavement surface is assumed to be a contactor surface while the 
tire tread face is treated to be a target surface.  
3.3.6 Solution Procedure 
Figure 3.7(a) shows the initial deformation profile of the tire under the wheel load, and 
the contact forces at the tire-pavement interface and the interaction between fluid flow and the 
tire, as depicted in Figure 3.7(b), changes the deformation profile of the tire, and computes the 
uplift and drag forces acting on the tire. The revised deformed profile is in turn fed to the tire-
pavement interaction model of Figure 3.7(a), and the interface contact forces are re-computed. 
The finite-element software package ADINA (2005) is used to simulate the tire-fluid-pavement 
interaction process. This solution procedure is an iterative process dealing with the coupling of 
the pavement to tire surface sub-models as shown in Figure 3.8. Mesh convergence analyses has 
been performed on the tire and pavement surface sub-models as well as the fluid flow mode. 
The solution to the problem is an iterative process. First the fluid stresses acting on the 
tire wall are calculated using the fluid model. Computed stresses output on the tire wall are next 








corresponding tire deformations are computed by the tire model. The tire deformations of nodes 
are in turn transferred to the fluid mode. The revised deformation input to the fluid model 
changes in the fluid flow around the tire and hence the stresses acting on the tire wall are re-
computed. This iterative computational process is repeated until the stress residuals and the 
displacement residuals satisfies convergence criterion. In this study, the same convergence 
criterion of 0.1% is applied for all residuals. The key input data necessary for the simulation 
analysis using the model are:  
 Tire dimensions – tire radius and width 
 Tire inflation pressure 
 Tire elastic properties – modulus of elasticity and Poisson‘s ratio of each of the 
following three components: tire rim, tire sidewalls, and tire tread 
 Wheel load – magnitude of applied wheel load 
 Physical properties of water – temperature, density, dynamic viscosity, kinematic 
viscosity 
 Water film thickness on pavement surface  
 Groove dimension of pavement surface 
First, the tire rim is considered to be perfectly rigid, without much loss in computational 
accuracy. As for the tire sidewalls and tread, if their elastic properties are unavailable, a 
calibration of these properties can be conducted by means of a simple static loading test to 
measure the actual footprint. Next, the tire model can be used to determine the set of elastic 
properties that will produce a footprint matching the measured footprint.  
Typically the modulus of elasticity of the tire sidewalls can vary within the range of 10 to 




matching of the computed and measured footprint can be evaluated based on the footprint area 
and its aspect ratio defined as the width-to-length ratio of the footprint. As tire footprint area and 
its aspect ratio change with the magnitude of wheel load, the calibration should cover the range 
of wheel loads expected in the skid resistance analysis.  
3.3.6.1 Back-Calculation Approach for Determining Friction Coefficient 
The static friction coefficient, μ, between two solid surfaces is defined as the ratio of the 
tangential force, F, required to produce sliding divided by the normal force, N, between the 
surfaces. This static friction coefficient is a key input parameter and can be determined 
experimentally by measuring the horizontal force required to move a known mass of tire rubber 
on a flat wetted surface of the pavement. Another way of experimental determination would be 
to tilt the wetted surface and the angle of tilt is increased until the rubber mass begins to slide 
down. The tangent of this angle gives the static coefficient of friction. More often than not the 
friction coefficient is not available for the experiment simulation and for that this friction 
coefficient can be back calculated using the simulation model itself by following steps: 
 One Value of experimental skid number at a particular vehicle speed is chosen. 
 With the chosen skid number the SN0 is estimated by different simulation trials of 
assumed SN0 till skid number selected is obtained.  
 The SN0 value obtained in the previous step is used to estimate all the other skid numbers 
at different speeds. 
 All the simulation skid number thus obtained is compared with the experimental results 




 If the results are not fairy accurate another value of experimental skid number may be 
picked or alternatively few values may be selected and SN0 may be obtained as an 
average value. 
3.3.7 Determination of Skid Resistance 
In order to calculate skid resistance on grooved pavement the simulation is carried out 
with a zero speed and a static tire footprint, then simulation sliding speed is increased 
incrementally and at any speed during the simulation, the vertical fluid uplift and the horizontal 
drag forces due to tire-fluid interaction, and the vertical tire-pavement contact forces and the 
horizontal traction forces developed within the tire-pavement contact area, are computed. The 
Coulomb concept of friction (Bathe, 1996) is used to calculate the skid resistance at any vehicle 
sliding speed of v (km/h), and is computed. The skid number SN at any speed v (km/h) can be 
defined as: 





SN 100         
where Fx is the horizontal resistance force to motion acting on the axle of the tire, and Fz is the 
vertical loading acting on the tire.  Fx is equal to the sum of the traction forces developed at the 
tire-pavement contact and the fluid drag forces due to the tire-fluid interaction.  Fz is an input 
parameter given by the sum of the normal contact force and the fluid uplift forces. Its value 
remains constant throughout the simulation. 
3.4 Summary 
The first part of the chapter discusses the development of a three-dimensional 





formulation of a three-dimensional finite-volume model to simulate the hydroplaning 
phenomenon on pavement with and without pavement grooves have been explained in detail. 
The second part of the chapter has presented the use of a three-dimensional finite-element 
simulation model to predict wet-pavement skid resistance and hydroplaning potential using the 
ADINA software. The model considers solid mechanics, contact modeling, fluid dynamics and 
fluid-structure-interaction in the simulation. The main components of the models consisting of 
the pneumatic tire model, the fluid flow model and the pavement surface model; and the two 
interaction mechanisms, tire-pavement contact and tire-fluid interaction, are described in detail. 
This enables the proposed model to effectively study the variations in wet pavement skid 


























































Extract Flow Volume(s) 
 

















































































Solve Momentum Equations 
Solve Pressure correction (continuity) equation. Update pressure, face mass flow 
rate. 
Solve Energy, species, turbulence and other scalar equations. 



















         
 
 
Figure 3.4 Three-Dimensional model for smooth tire and plane pavement surface adopted 
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(b) Hydroplaning phenomenon in the moving wheel’s frame 
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4 VALIDATION OF SIMULATION MODELS 
4.1 Introduction 
The development of simulation models have been discussed in the previous chapter along 
with the formulation of the skid resistance model using the finite-element ADINA software, and 
the hydroplaning model based on Computational fluid dynamics technique using the FLUENT 
software. The focus of the current chapter can be subdivided into two parts. The first part deals 
with the validation of the FLUENT hydroplaning simulation model on grooved pavements and 
the second part of the chapter presents the validation of the 3-dimensional ADINA finite element 
simulation model for skid resistance and hydroplaning analysis on grooved pavement surfaces. 
These validation analyses are made against experimentally measured skid resistance and 
hydroplaning speed values for ASTM E524 smooth passenger car tires.   
4.2 Validation of FLUENT Hydroplaning Simulation Model  
In comparison with skid resistance testing on normal ungrooved pavements, experimental 
studies of vehicle hydroplaning involving pavements of different groove dimensions are 
relatively few.  The validation of the theoretical simulation in this study will be performed in this 
chapter using the limited past measurement data available.  
The hydroplaning simulation model used in this study is based on the 3-dimensional 
finite-element model developed and validated earlier by Ong et al. (2005) as mentioned in the 
previous chapter.  The model simulates the dynamic equilibrium condition of a sliding locked 
wheel at the instant when hydroplaning occurs. Hydroplaning is assumed to occur when the total 
fluid uplift force acting on the tire is equal to the wheel load.  Fluid flow modeling is achieved by 




Navier-Stokes equations.  The detailed theoretical formulation of the model has already been 
discussed in Chapter 3. 
In the present study, a smooth passenger-car tire as specified by the ASTM standard 
specification E524 (ASTM, 2005d) is considered.  The tire inflation pressure and wheel load are 
held constant at 186.2 kPa and 2.41 kN respectively.  A constant water depth of 7.62 mm (0.3 
inch) is considered for the numerical simulations. 
The hydroplaning simulation analysis is conducted in two stages. First, from the initial 
vehicle speed of 0 km/h, a relatively large speed increment of 5 m/s (18 km/h) is first applied and 
a simulation run is executed. This is followed by another speed increment and a simulation run. 
The process is repeated until the fluid uplift force matches or exceeds the wheel load. This would 
provide a first estimate of the hydroplaning speed. Next, starting from a sliding speed slightly 
lower than the first estimate of the hydroplaning speed, the sliding speed is increased at a small 
speed increment of 0.1 m/s (0.36 km/h) to determine the final simulation hydroplaning speed. 
4.2.1 Comparison against NASA Hydroplaning Equation 
In the validation analysis, the average ground hydrodynamic pressure is used to evaluate 
the recovery factor (i.e. ratio of tire pressure to 0.5ρU
2
) for comparison purpose. This factor is 
found to be 0.636 as against the NASA experimentally measured value of 0.644. The percentage 
difference is 1.2%. The matching is considered to be good and satisfactory. 
The NASA hydroplaning equation, shown in Equation (2.19), indicates that the tire 
pressure is the sole factor affecting the hydroplaning speed in flooded smooth plane pavement 
surfaces (Horne, 1962; Horne and Leland, 1963; Horne and Joyner, 1965). Figure 4.1 shows the 
relationship between the tire pressure and the hydroplaning speed obtained from the simulations. 




to that predicted by the NASA hydroplaning equation. Experimental data by Horne and Joyner 
(1965) for different types of tires are also plotted in the same figure. It is seen that the model‘s 
predicted hydroplaning relationship matches very well with the experimental data. For example, 
as shown in Table 4.1, the measured hydroplaning speed by past researcher is 86.3 km/h, and the 
simulation model produces a hydroplaning speed of 86.6 km/h for the case studied. 
4.2.2 Validation against Experimental Data for Longitudinal Pavement Grooving  
For grooved pavements, studies by Horne (1969) and Horne and Tanner (1969) provide 
useful experimentally measured skid resistance data. Figure 4.2 shows the measure data on 
longitudinally grooved pavements, while Figure 4.3 gives the measured data on transversely 
grooved pavements. These data will be used for the validation of the hydroplaning and skid 
resistance simulation model in the present research. 
Figure 4.2 shows a comparison between the simulation results of the predicted skid 
number and the experimental data at different sliding speeds on a longitudinally grooved 
pavement.  The ASTM E524 standard smooth tire of 165.5 kPa (24 psi) inflation pressure is 
used. Horne (1969) conducted tests on longitudinally grooved surfaces with 6 mm width, 6 mm 
depth and 19 mm spacing. The pavement is flooded with water depth of 5.08 mm (0.2 in.) to 
7.62 mm (0.3 in.). The comparison of the measured and predicted results in Figure 4.2 shows 
very good agreement, considering the unavoidable variations of field conditions and possible 
measurement errors. The percentage difference between projected experimental data and 
simulation data from FLUENT model is 3.4%. This confirms that the proposed simulation model 




4.2.3 Validation against Experimental Data for Transverse Pavement Grooving  
For the validation of hydroplaning speed computations by the proposed model, the 
experimental data by Horne and Tanner (1969) are used. As shown in Table 4.2, four different 
pavement surfaces with transverse groove dimensions of 6 mm width by 6 mm depth by 25 mm 
spacing are considered for the validation of the model against transversely grooved surfaces.  
The ASTM E524 standard smooth tire of 165.5 kPa (24 psi) inflation pressure was used in the 
experiments conducted on test surfaces flooded with water depth of 5.08 mm (0.2 in.) to 7.62 
mm (0.3 in.). The predicted hydroplaning speeds and the friction factor from FLUENT model at 
incipient hydroplaning calculated by the proposed model are plotted in Figure 4.3 together with 
the measured data by Horne and Tanner (1969). The friction-to-speed relationship shows a very 
good agreement with experimental data with percentage difference of 1.3% or less. This shows 
that the proposed model is suitable for the prediction of hydroplaning speed.  
4.3 Validation of Skid Resistance Model using ADINA against Experimental Data 
Experimental work by past researchers provides valuable measured data needed for 
validating the skid resistance computed by the simulation analysis presented in this chapter. The 
validation of the simulation model against the experimental measured data for locked wheel on 
plane pavement surface has earlier been done (Ong and Fwa, 2007). However, the validations of 
the simulation model against the following cases are needed: (i) Locked smooth tire sliding on a 
longitudinally grooved pavement surface and (ii) Locked smooth tire sliding on a transversely 
grooved pavement surface. The validations of these two forms of grooved pavements are 
presented in this section. Figure 4.4(a) shows the finite-element mesh of the tire and the 
pavement surface while Figure 4.4(b) shows the mesh used in the grooved pavement modeling. 




moves with vehicle sliding speed. A rigid wall pavement surface is assumed considering the 
deformation to be negligible as compared to tire deformation. The solid model is defined in the 
structural domain, where its bottom is pavement surface and its top is tire with the fluid-structure 
interface at the bottom of the tire.  Figure 4.4(c) shows the fluid sub model considering the 
grooved pavement surface. The interaction between fluid flows changes the deformation profile 
of the tire, and computes the uplift and drag forces acting on the tire on grooved pavement.  
Figure 4.2 also shows validation of the simulation model in predicting the skid resistance 
for longitudinally grooved pavement using ADINA. Corresponding data between experimentally 
measured skid number by Horne (1969) and simulation data are also shown in Table 4.3. The 
skid number values obtained from ADINA simulation model at four different vehicle speeds 
show a close fit with the experimentally measured data. The percentage differences between 
experimentally measured values and simulation values are less than 8.3%. Numerical differences 
in SN of 2 or less is obtained between excrementally measured values and simulation values. 
This confirms that the friction factors derived by the proposed simulation model are closely 
consistent with the experimentally measured data 
Another validation of the skid resistance simulation model is provided by studying 
different surface texturing of pavement surfaces reported in the literature. Four different 
transversely grooved pavement surfaces with 6 mm groove width, 6 mm groove depth and 25 
mm groove spacing are tested and as shown in Table 4.3. Using the ASTM E524 standard 
smooth tire of 165.5 kPa (24 psi) inflation pressure, experiments were conducted by Horne and 
Tanner (1969) on test surfaces flooded with water depth of 5.08 mm (0.2 in.) to 7.62 mm (0.3 
in.). The average value of 6.35 mm water depth is adopted for the simulation model. Additional 




used to validate the longitudinally grooved pavement simulation model. The longitudinally 
grooved surfaces tested had groove widths of 3.18 mm and 4.76 mm, groove depth of 3.18 mm, 
and groove spacing of 19.05 mm and 25.4 mm. Two different water film-thickness of 1.5 mm 
and 0.5 mm are used in the tests. 
Based on the experimental and simulation data of Table 4.3, Figures 4.5 and 4.6 are 
plotted. Figure 4.5 and Figure 4.6 shows the variation of skid resistance with speed for 
transversely and longitudinally grooved pavements. Corresponding experimentally measured 
values are also plotted in Figures 4.5 and 4.6 respectively. The skid number values obtained from 
simulation show a close fit with the experimentally measured data. As shown in Figure 4.5, 
numerical differences in SN of 7 or less between experimentally measured value and simulation 
value is obtained for the cases of transversely grooved pavements. The corresponding differences 
of SN for the cases of longitudinally grooved pavements are 8 or less as shown in Figure 4.6. 
This close fit is also observed in Figure 4.7, which shows a comparison between experimentally 
measured SN and predicted SN from simulation for transversely grooved pavement when all the 
12 cases are plotted. The percentage differences between experimentally measured values and 
simulation values are less than 7% for all cases analyzed, except for one case which has a 
difference of 12.1%. Figure 4.8 shows a comparison between predicted SN from simulation and 
experimentally measured SN for longitudinally grooved pavement surfaces for all the 10 cases 
analyzed. The percentage differences between experimentally measured values and simulation 
values are less than 7.7% for all cases considered, except for one case which has a difference of 
11.3%. This suggests that the proposed simulation model can predict skid resistance that is close 






The first part of this chapter describes a validation of theoretical simulation analysis of 
vehicle hydroplaning on grooved pavement surfaces and grooved tires. The analysis is based on 
a pneumatic tire with an inflation pressure of 186.6 kPa (27 psi) and sliding at a speed of 96.5 
km/h (60 mph) on a plane pavement surface with a water film thickness of 7.62 mm (0.3 in.). At 
first the model is verified against experimental studies by Horne and Joyner (1965) for plane 
pavement. After the model has been verified for plane pavement surfaces the model was applied 
to analyze hydroplaning of grooved pavements. 
Three patterns of grooved pavement surfaces have been studied: transversely grooved 
and longitudinally grooved surfaces which are commonly used in practice, and grid-pattern 
grooved surfaces which are not used in practice.  The models were verified against experimental 
data of Horne (1969) for longitudinally grooved pavement surface with 6 mm groove width, 6 
mm groove depth and 19 mm groove spacing. The Model were further validated for 4 different 
transversely grooved pavement surfaces with 6 mm groove width, 6 mm groove depth and 19 
mm groove spacing. The comparison of the measured and predicted results shows very good 
agreement, considering the unavoidable variations of field conditions and possible measurement 
errors. The percentage difference between projected experimental data and simulation data is 
3.4% for longitudinally grooved pavements, and 1.3% for transversely grooved pavements. This 
shows that the proposed model is suitable for the prediction of hydroplaning speed. 
The second part of the chapter presents the validation of a numerical simulation model 
that can model the skid resistance of smooth tire on grooved pavement surfaces. Numerical 
simulation model is developed using fundamental structural mechanics and fluid dynamics with 
the consideration of tire-pavement contact modeling and tire-fluid interaction modeling. With the 




model is able to predict skid resistance at different sliding speeds. The simulation model was 
validated against past experimental tests carried out under three different conditions for 
longitudinally grooved pavements and 4 different test conditions for transversely grooved 
pavement surfaces.  
Experimentally measured values by Horne and Tanner (1969), Merlin and Horne, (1977) 
and Ardani and Outcult (2005) were used to validate the simulation models. Percentage 
differences between experimental values and simulation values were less than 7.7% for 16 out of 
18 cases analyzed. This suggests that the proposed simulation model can predict skid resistance 
that is close to the experimentally measured data for both longitudinally and transversely 
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Table 4.3: Skid measurement conditions for smooth car tire on grooved pavement at tire 
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32.2 6.35 6.35 25.4 68 69 -1.4 
64.3 6.35 6.35 25.4 62 58 6.9 
96.5 6.35 6.35 25.4 52 55 -5.5 
Burlap drag concrete 
(after Horne and 
Tanner, 1969  ) 
32.2 6.35 6.35 25.4 70 72 -2.8 
64.3 6.35 6.35 25.4 65 65 0 
96.5 6.35 6.35 25.4 56 53 5.7 
Small aggregate (after 
Horne and Tanner, 
1969  ) 
32.2 6.35 6.35 25.4 67 67 0 
64.3 6.35 6.35 25.4 62 63 -1.6 
96.5 6.35 6.35 25.4 53 52 1.9 
Large aggregate (after 
Horne and Tanner, 
1969  ) 
32.2 6.35 6.35 25.4 67 72 -6.9 
64.3 6.35 6.35 25.4 61 58 5.2 



















(after ref. Merlin and 
Horne, 1977)  
1.5 
(avg) 
20 4.76 3.18 12.5 63 71 11.3 
40 4.76 3.18 12.5 60 59 -1.7 
60 4.76 3.18 12.5 56 52 -7.7 
90 4.76 3.18 12.5 45 48 6.3 
(B)Concrete surface 
(after ref. Ardani and 
Outcult, 2005) 
0.1 
64.3 3.18 3.18 25.4 55 55 0.0 
80.5 3.18 3.18 25.4 47 48 2.1 
104.6 3.18 3.18 25.4 44 43 -2.3 
(C)Concrete surface 
(after ref. Ardani and 
Outcalt, 2005)  
64.3 3.18 3.18 19.05 58 57 -1.8 
80.5 3.18 3.18 19.05 52 52 0.0 
104.6 3.18 3.18 19.05 44 44 0.0 




16.09 6 6 19 35.5 35 -1.4 
32.2 6 6 19 29.5 28 -5.4 
48.28 6 6 19 25 24 -4.2 
































































































Tire inflation pressure (kPa) 
Experimentally measured 
data (after Horne, 1969) 
Predicted data by proposed 
model using ADINA software  
*Refer Table 4.3 for test conditions 
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Experimentally measured data 
(after Horne and Tanner, 1969) 
Predicted data by proposed 
model using FLUENT software  
Experimentally measured data 
(after Horne and Tanner, 1969) 
Predicted data by proposed 
model using FLUENT software  
Experimentally measured data 
(after Horne and Tanner, 1969) 
Predicted data by proposed 
model using FLUENT software  
Experimentally measured data 
(after Horne and Tanner, 1969) 
Predicted data by proposed 
model using FLUENT software  
*Refer Table 4.3 for test conditions *Refer Table 4.3 for test conditions 
*Refer Table 4.3 for test conditions *Refer Table 4.3 for test conditions 
Vehicle sliding speed (km/h) 
(a) On canvas belt surface (b) On burlap drag concrete surface 
Vehicle sliding speed (km/h) 
Vehicle sliding speed (km/h) Vehicle sliding speed (km/h) 




(c)  Fluid Model 
Water 
Velocity inlet 
with speed v 
Tire Tread Face (Fluid-
Structure Interface)  
 
Grooved Pavement Surface 
(Moving wall with speed v) 























Figure 4.4 3-Dimensional finite element ADINA simulation model for grooved pavement 
surface 





Fluid-Structure Interface  




(b) Mesh used in Grooved Pavement 
Vehicle speed, v  
Tire Inflation Pressure on Inside 
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Vehicle sliding speed (km/h) Vehicle sliding speed (km/h) 
Pav. groove width= 6.35 mm 
Pav. groove depth = 6.35 mm 
Pav. Groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 
Vehicle sliding speed (km/h) 
(a) On canvas belt surface (b) On burlap drag concrete surface 
(c) On Small aggregate surface (d) On large aggregate surface 
Pav. groove width= 6.35 mm 
Pav. groove depth = 6.35 mm 
Pav. Groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 
Pav. groove width= 6.35 mm 
Pav. groove depth = 6.35 mm 
Pav. Groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 
Pav. groove width= 6.35 mm 
Pav. groove depth = 6.35 mm 
Pav. Groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 


























































































0 20 40 60 80 100 120
Vehicle sliding speed (km/h) 
Vehicle sliding speed (km/h) 
Pav. groove width= 3.18 mm 
Pav. groove depth = 3.18  mm 
Pav. Groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 0.5 mm 
 
Pav. groove width= 3.18 mm 
Pav. groove depth = 3.18 mm 
Pav. Groove spacing =19.05 mm 
Tire inflation pressure = 165.5 kPa 





(b) Concrete surface (after Ardani and Outcult, 2005) 
(c) Concrete surface (after Ardani and Outcult, 2005) 
(a) Concrete surface (after Merlin and Horne, 1977) 
Vehicle sliding speed (km/h) 
Pav. groove width= 4.76 mm 
Pav. groove depth = 3.18 mm 
Pav. Groove spacing =12.06 mm 
Tire inflation pressure = 165.5 kPa 


































































Figure 4.7 Comparison between experimental data and simulation results for transversely 












Figure 4.8 Comparison between experimental data and simulation results for 
longitudinally grooved pavement surface 
 
* Refer Table 4.3 for various test conditions 
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Pav. groove width= 6.35 mm 
Pav. groove depth = 6.35 mm 
Pav. Groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 








(after Merlin and Horne, 1977; 
Ardani and Outcult, 2005) 
Pav. groove width= 3.18 mm, 4.76 mm 
Pav. groove depth = 3.18 mm 
Pav. Groove spacing =12 mm, 19 mm, 25 mm                                   
Tire inflation pressure = 165.5 kPa 



























5 CHARACTERIZING VARIATIONS IN HYDROPLANING SPEEDS AND 
BEHAVIOR OF SKID RESISTANCE OF GROOVED PAVEMENTS  
5.1 Introduction 
With the aim to offer a better understanding of how pavement grooving influences 
pavement skid resistance and vehicle hydroplaning potential, the validated models are used to 
analyze the skid resistance behavior and hydroplaning potential of three different patterns of 
grooved pavement surface. The three groove patterns are: longitudinal grooved surface, 
transversely grooved surface, and grid-pattern grooved surface.   
5.2 Grooved Surfaces Analyzed using FLUENT Model 
Pavement macrotexture refers to the deviations of a pavement surface from a true planar 
surface, with characteristic dimensions varying in the range of 0.5 to 50 mm (PIRAC, 1987).  In 
pavement engineering dealing with tire-road interaction, pavement macrotexture having peak-to-
peak amplitudes of up to 20 mm is of interest (PIRAC, 1995).  The macrotexture of an asphalt 
pavement can be improved by changing the aggregate gradation of the asphalt mixture used, or 
by artificially creating grooves in the surface.  In the case of concrete pavement, macrotexture is 
created by surface finishing treatments such as wire brushing and tining, or by forming grooves 
in the surface.  To provide a systematic examination of the effectiveness of macrotexture in 
reducing hydroplaning risk, the following three forms or patterns of macrotexture are considered:  
(a) Pattern A with unidirectional flow channels: transversely grooved surface,  
(b) Pattern B with unidirectional flow channels: longitudinally grooved surface, and  




It should be mentioned that although grid-pattern grooves are rarely found in practice, 
they are considered in the analysis for the purpose of studying two-directional escape channels as 
opposed to the unidirectional cases of transverse and longitudinal grooves respectively.  It is 
hoped that the analysis of this case of two-directional flows will shed some lights on the 
performance of general pavement surface macrotecture that has escape channels in both the 
transverse and longitudinal directions.    
For each of the three patterns of grooved surfaces, the mean texture depth (MTD) is 
varied by considering different widths, depths and spacing of grooves, as depicted in Figure 5.1 
and Figure 5.2.  Also listed in the same figure are the respective ranges of these geometric 
elements for each of the three groove configurations.  Overall, as indicated in Table 5.1 to Table 
5.3, the present study analyzed 79, 132 and 20 cases of transversely grooved, longitudinally 
grooved, and grid-pattern grooved surfaces respectively.  When classified according to their 
plane dimensional configurations (i.e. width and spacing of grooves), there are 14 configurations 
of transversely grooved surfaces, 22 configurations of longitudinally grooved surfaces, and 5 
configurations of grid-pattern grooved surfaces.  The ranges of MTD covered are as follows: 
0.08 to 4.0 mm for transversely grooved surfaces, 0.08 to 8 mm for longitudinally grooved 
surfaces, and 0.36 to 4.01 mm for grid-pattern grooved surfaces.  For transversely grooved and 
grid-pattern grooved surfaces, the maximum MTD values analyzed were about 4 mm.  This was 
because higher values of MTD would produce hydroplaning speeds exceeding 300 km/h which 
are beyond the operating speeds of vehicles and aircraft in practice. 
5.3 Finite Element Mesh Design and Convergence Verification 
The finite element simulation model focuses on the fluid-tire-pavement interaction within 




in the thin water-film between the tire and the pavement surface.  Taking advantage of geometric 
symmetry, only half the tire imprint region is modeled.  The centerline of the tire is treated as the 
plane of symmetry.  
The upstream boundary conditions consist of water velocity and air velocity inlet. A 
uniform velocity profile is used. The inlet is positioned at a distance sufficiently far away from 
the leading edge of the wheel so as to allow for any possible formation of bow wave. The inlet 
position has been obtained by a number of trial and error numerical simulations such that the 
result (i.e. average ground hydrodynamic pressure under the wheel) is independent of its position 
for minimum number of mesh elements used. The side edges and the trailing edge are modeled 
as pressure outlets with the pressure set as the atmospheric pressure.          
6-node wedge elements and 8-node hexahedral elements are used to represent each finite 
volume in the simulation.  Convergence analysis has been carried out with different numbers of 
8-node hexahedral elements in the ribs and in the smallest channel in the model (i.e., the 
hydroplaning region) respectively.  A key indicator of convergence for mesh design is the 
hydrodynamic uplift force, which is a direct function of the average hydrodynamic pressure.  
Different combinations of mesh elements in the ribs and the smallest water channel have been 
tested to arrive at an optimal design to reach numerical convergence.  Each finite-element mesh 
contained about 1,440,000 elements. The mesh convergence plot is shown in Figure 5.3. 
5.3.1 Simulation Results based on Proposed Model    
 Simulations are performed on 8 parallel CPUs available to this research in the 
server. The results obtained from this simulation will be presented in this section. The 




5.3.2 Hydroplaning Speed Variation in All Patterns 
 For the same groove spacing, groove width and groove depth the hydroplaning 
speed is found to be increasing in the following order for the three groove patterns: longitudinal 
grooving, transverse groove and grid pattern. In general for given groove pattern, the 
hydroplaning speed is found to be increasing with increasing groove width, decreasing groove 
spacing and increasing groove depth, respectively.  
 The analysis and discussion based on the results obtained from the simulation will 
be presented in the following sections.  
5.4 Analysis of Simulation Results of Hydroplaning Speeds 
5.4.1 Macrotexture Pattern A: Transversely Grooved Surfaces 
The computed hydroplaning speeds as obtained from the hydroplaning simulation 
analyses for the 79 cases of the transversely grooved pavement surfaces are presented in Table 
5.1.  Figure 5.4 plots the hydroplaning speeds against MTD for these cases according to their 
plane dimensional configurations (i.e. configurations characterized by groove width and 
spacing).  In Figures 5.4(a) to 5.4(d) the data are plotted to highlight the effect of groove width, 
while in Figures 5.4(e) to 5.4(h) the effect of spacing is highlighted.  In general, hydroplaning 
speed increases with larger groove width, smaller groove spacing and larger groove depth. 
The plots in Figure 5.4 clearly show that for a given plane dimensional configuration of 
transversely grooved surface (i.e. known groove width and spacing), the hydroplaning speed 
tends to increase linearly with MTD.  The linear relationships of the 14 configurations of 
transversely grooved surfaces have statistical coefficients of determination R
2
 varying from 




from the plots that the rates of increase of hydroplaning speed with MTD vary from one 
transverse groove configuration to another.  That is, with different plane dimensions of the width 
and spacing of transverse grooves, their respective linear relationships between hydroplaning 
speed and MTD are not the same.  This is apparent from Figure 5.5 which combines all the data 
of the 79 cases in one plot.  In other words, for transversely grooved pavement surfaces, MTD 
alone is inadequate to characterize the effect of macrotexcture on vehicle hydroplaning potential.  
Besides MTD, vehicle hydroplaning potential is also dependent on the plane dimensional 
configuration (i.e. groove width and spacing) of a transversely grooved surface. 
5.4.2 Macrotexture Pattern B: Longitudinally Grooved Surfaces 
Table 5.2 presents the computed hydroplaning speeds of the 132 cases of longitudinally 
grooved surfaces.  Figure 5.6 plots the hydroplaning speeds against MTD for these cases based 
on the plane dimensional configurations of groove width and spacing.  In Figures 5.6(a) to 5.6(e) 
the data are plotted to highlight the effect of groove width, while in Figures 5.6(f) to 5.6(j) the 
effect of spacing is highlighted.  The hydroplaning speed is found to increase with larger groove 
width, smaller groove spacing and larger groove depth. 
The plots in Figure 5.6 show that hydroplaning speeds of vehicles traveling on a 
longitudinally grooved surface tends to increase linearly with MTD.  The linear relationships of 
the 22 configurations of longitudinally grooved surfaces have statistical coefficients of 
determination R
2
 that vary from 0.948 to 0.999.  However, in comparison with transversely 
grooved surfaces, groove width and spacing have much less effect on the hydroplaning speeds on 
longitudinally grooved surfaces.  As such, the main geometric element of longitudinally grooved 
surface that would significantly influence hydroplaning speed is MTD.  This deduction is 




between hydroplaning speed and MTD, taking all data points from the 22 configurations (with 
different groove widths and spacing) of longitudinally grooved surfaces into consideration, gives 
a very high statistical coefficient of determination R
2
 of 0.922.    
5.4.3 Macrotexture Pattern C: Grid-Pattern Grooved Surfaces  
The hydroplaning speeds computed for the 20 cases of grid-pattern grooved surfaces are 
summarized in Table 5.3.  These data are plotted in Figures 5.8(a) to 5.8(e).  As can be seen from 
these five plots, for a given grid-pattern grooved surface with fixed plane dimensions, the 
relationship between hydroplaning speed and MTD can be described very well by a positively 
sloped line.  That is, hydroplaning speed increases linearly with MTD.  The statistical 
coefficients of determination R
2
 of the five plots vary from 0.915 to 0.994.   
The computed hydroplaning speeds of all the 20 cases of grid-pattern grooved surfaces 
are plotted together against MTD in Figure 5.8(f).  The hydroplaning speed-MTD relationship 
has a R
2
 of 0.721.  It is noted that, compared with Figures 5.5 and 5.7, the spread of the data 
points of grid-pattern grooved surfaces is less than that of transversely grooved surfaces, but 
more than that of longitudinally grooved surfaces.   
5.4.4 Effects of Groove Pattern and MTD on Hydroplaning Speed 
All the computed hydroplaning speeds for the three patterns of grooved surfaces are 
plotted in Figure 5.9.  The following observations may be made:  
(a) The relationship between hydroplaning speed and MTD is groove pattern dependent.  
The relationship for longitudinally grooved surfaces of different groove dimensions 
(width, spacing and depth) can be very well described by a linear line.  Linear 




transversely grooved surfaces.  For these two later patterns, analyses in the preceding 
sections have established linear relationships between MTD and hydroplaning speeds 
hold only when the groove width and spacing are fixed. 
(b) For a grooved surface with known groove width and spacing, higher hydroplaning speed 
is achieved with deeper MTD.  However, the rate of increase is also groove pattern 
dependent.  The highest rate is achieved with transversely grooved surfaces, and the 
worst rate is found with longitudinal grooved surfaces.  That is, for a unit increase in 
MTD, the most benefit in hydroplaning potential reduction is achieved with transversely 
grooved surfaces, less with grid-pattern grooved surfaces, and the least with 
longitudinally grooved surfaces. 
(c) In general, for a given MTD, transversely grooved surfaces produce the highest 
hydroplaning speeds, followed by grid-pattern grooved surfaces, while the longitudinally 
grooved surfaces give the lowest hydroplaning speeds.  In other words, with the same 
MTD, transversely grooved surfaces are the most effective against hydroplaning, 
followed by grid-pattern grooved surfaces, and the longitudinally grooved surfaces are 
the least effective. 
The above observations are made with respect to MTD, which is the volume of grooves 
available per unit plane area.  It is also useful to consider Pattern C to be the combination of 
Patterns A and B, and assess the effects by comparing their hydroplaning speeds.  Figure 5.10 
shows a typical example illustrating the limited increase in hydroplaning speed by adding 
longitudinal grooves (Pattern B) to a transversely grooved surface of Pattern A.  Compared with 




major increase in MTD.  However, the associated increase in hydroplaning speed is relatively 
small, resulting in a lower (hydroplaning speed/MTD) ratio as observed in Figure 5.9.    
Comparison of the rates of increase of hydrodynamic uplift force with respect to vehicle 
speed can also offer an explanation to the different hydroplaning-related behaviors of the three 
patterns of grooved surfaces.  Noting that hydroplaning occurs when the hydrodynamic uplift 
force becomes equal to the wheel load, a faster development rate of hydrodynamic uplift force 
means an earlier occurrence of hydroplaning at a lower hydroplaning speed (i.e. a higher 
hydroplaning potential).  Figure 5.11 records the development trends of hydrodynamic uplift 
force for the three patterns of grooved surfaces.  The longitudinally grooved surface (Pattern B) 
has the fastest rate of hydrodynamic uplift development.  The transversely grooved surface 
(Pattern A) has a slower rate and hence a higher hydroplaning speed.  The grid-pattern grooved 
surface (Pattern C), by adding longitudinal grooves to Pattern A, only brings about a marginally 
slower rate and a slight delay in the occurrence of hydroplaning.  The small difference between 
the uplift force development rates of Patterns A and C is consistent with the findings from 
Figures 5.9 and 5.10 concerning the marginal benefit of adding longitudinal grooves to a 
transversely grooved surface. 
Another explanation can be made by examining the water discharging capacity of the 
grooves.  Given in Table 5.4 are the water discharging rate of the grooves in the following three 
pavement surfaces at the onset of hydroplaning:  
(a) Pattern A -- Transversely grooved surface with 5 mm wide and 6 mm deep grooves at 
25 mm spacing; 
(b) Pattern B -- Longitudinally grooved surface with 5 mm wide and 6 mm deep grooves 




(c) Pattern C -- Grid-pattern grooved surface with 5 mm wide and 6 mm deep grooves at 
25 mm spacing in both transverse and longitudinal directions. 







/s for Patterns A, B and C grooved surface respectively.  The drainage capacity of 
the longitudinal grooves is only one-third that of the transverse grooves.  Pattern C represents an 
increase in MTD from 2.18 mm of Pattern A to 1.2 mm of combined Patterns A and B.  





/s.  These data reveal the dominating role of transverse grooves in discharging water 
and the relatively limited drainage capacity of longitudinal groves, which provides another 
explanation to the lower effectiveness of longitudinally grooved surface in reducing 
hydroplaning risk.   
The analysis shows that with the exception of longitudinally grooved surfaces, MTD 
alone is inadequate to represent the effect of pavement macrotecture on vehicle hydroplaning 
potential.   
5.5 Analysis of Simulation Results of Skid Resistance using ADINA Model 
To understand the role of pavement grooving during wet weather a systematic parametric 
study was conducted using the simulation model. The simulation model allows considerations of 
different pavement groove patterns and dimensions.  
5.5.1 Effect of Pavement Grooving on Skid Resistance 
Figure 5.12 and Figure 5.13 show the effect of transversely grooved pavement surface 
and longitudinally grooved surfaces on skid number with vehicle sliding speed at different test 




experimental test results mentioned in Table 4.3 of the previous chapter  are analyzed fort 1 mm, 
3 mm, 6 mm, and 10 mm groove depth. In the case of transverse grooving canvas belt surface 
with pavement groove width 6.35 mm, groove depth of 6.35 mm, groove spacing of 25 mm is 
selected. For longitudinally grooving, pavement surface with groove width of 4.76 mm, groove 
depth of 3.18 mm, groove spacing of 12.06 is considered for further analysis.  
It is evident from Figure 5.12 and Figure 5.13 that both transverse and longitudinal 
grooving are effective in increasing skid resistance on flooded pavement surfaces. Taking the 
case of ungrooved pavement surface as the bench marks it can be seen that skid resistance on 
grooved pavement is constantly higher than the ungrooved surface. The following observations 
can be made based on these analyses: 
 As shown in Figure 5.12 for transversely grooved pavement surfaces, over a vehicle 
speed range of 0 – 80 km/h the average improvement over the plane pavement is 1.5 
times for 1 mm groove depth, 1.85 times for 3 mm groove depth, 2.24 times for 6 mm 
groove depth and 2.44 times for 10 mm groove depth. 
 The rate of decrement of skid resistance value against speed decreases with increasing 
groove depths. Over a vehicle speed range of 0-80 km/h, the SN decreases by 43 for 1 
mm groove depth, 30 for 3 mm groove depth, 14 for 6 mm groove depth, and 6.5 for 10 
mm groove depth. 
 As shown in Figure 5.13 for longitudinally grooved pavement surfaces, the average 
improvement over the plane pavement over a vehicle speed range of 0 – 80 km/h, is 1.1 
times for 1 mm groove depth, 1.2 times for 3 mm groove depth, 1.3 times for 6 mm 




 The rate of decrement in skid resistance against speed also decreases with increasing 
groove depths for longitudinally grooved surfaces but slope is steeper as compared to 
transversely grooved surfaces. In a vehicle speed range of 0-80 km/h the SN decreases by 
51 for 1 mm groove depth, 48 for 3 mm groove depth, 44 for 6 mm groove depth and 41 
for 10 mm groove depth. 
5.5.2 Effect of Vehicle Speed on Skid Resistance 
As reported by past researchers, in general skid resistance is found to decrease with 
increase in vehicle speed. The following observations of the effect vehicle speed on grooved 
pavement can be made: 
 For a plane pavement surface the average decrease in skid number is 13 when vehicle 
speed increases from 0 km/h to 40 km/h, 26 from 0 km/h to 60 km/h and 50 from 0 km/h 
to 80 km/h.    
 For longitudinally grooved pavement surfaces the average decrease in skid number is 12 
when vehicle speed increases from 0 km/h to 40 km/h, 25 from 0 km/h to 60 km/h speed, 
and 54 from 0 km/h to 80 km/h.    
 For transversely grooved pavement surfaces the average decrease in skid number is 4 
when vehicle speed increases from 0 km/h to 40 km/h, 8 from 0 km/h to 80 km/h and 16 
from 0 km/h to 80 km/h.    
5.5.3 Effect of Operating Conditions on Skid Resistance 
Figures 5.14 (a) to 5.14 (c) show the variation of skid resistance on grooved pavement 
with wheel load, tire inflation pressure and water-film thickness for both longitudinally and 




purpose of comparison, groove width, spacing and depth are kept the same for all grooves. The 
following observations are found: 
 In general skid resistance is found to increase with an increase in tire inflation 
pressure, wheel load and a decrease in water-film thickness for all three surfaces 
i.e. plane surface, longitudinally grooved and transversely grooved surfaces. 
 Transverse grooves offer the highest skid resistance as compared to longitudinally 
grooved pavement and plane pavement.  
 With increasing water film-thickness on the pavement the rate of decrease of skid 
resistance is maximum for plane pavement.  
5.6 Summary 
This Chapter has presented a theoretical simulation analysis of vehicle hydroplaning and 
skid resistance on grooved pavement surfaces. Three patterns of grooved surfaces have been 
studied: transversely grooved and longitudinally grooved which are commonly used in practice, 
and grid-pattern grooved surfaces which are not used in practice.  The grid-pattern grooved 
surfaces are included in this study for comparison purpose, and to provide some information 
related to pavement macrotexture that offers two-directional flow channels. 
The analysis reveals that transversely grooved surfaces produce much higher 
hydroplaning speeds than longitudinally grooved surfaces, and thus are more effective in 
reducing vehicle hydroplaning potential. It has been also found that adding longitudinal grooves 
to a transversely grooved surface raises the hydroplaning speed only marginally.  This finding 
suggests that, for pavement macrotexture that contains two-directional water drainage capability, 





In general, for a given grooving pattern having fixed plane dimensions (i.e. groove width 
and spacing), the hydroplaning speed increases when the mean texture depth (MTD) is increased, 
and the trend can be described rather closely by a linear relationship.  However, the rate of 
increase (i.e. the slope of linear trend) is groove pattern dependent.  Transversely grooved 
surfaces are shown to be the most efficient in reducing hydroplaning potential, followed by grid-
pattern grooved surfaces, with the longitudinally grooved surfaces being the least efficient.   
The analysis based on MTD also reveals that with the exception of longitudinally 
grooved surfaces, MTD alone is inadequate to represent the effect of pavement macrotecture on 
vehicle hydroplaning potential.  For longitudinally grooved surfaces, regardless of groove width 
and spacing, the hydroplaning speed can be predicted reasonably well based on MTD.  This is, 
however, not the case for transversely grooved and grid-pattern grooved surfaces.  For these two 
patterns of grooved surfaces, vehicle hydroplaning speed is a function of MTD as well as the 
plane layout and dimensions of the groove pattern (i.e. groove width and spacing).  
 Further analysis was carried out to evaluate the effect of groove depths on the skid 
resistance. It was observed that both transverse and longitudinal pavement grooving improves 
skid resistance on wet pavement. It was also found that deeper grooves offer better skid 
resistance.  
In general, skid resistance was found to increase with an increase in tire inflation 
pressure, wheel load and a decrease in water-film thickness for all three surfaces i.e. plane 




Table 5.1: Hydroplaning speed and MTD for transversely grooved surfaces (ASTM E524 
































1 5 2 1 192.43 0.40 40 20 4 2 149.44 0.40 
2 5 2 2 197.45 0.80 41 20 4 4 156.93 0.80 
3 5 2 4 247.64 1.60 42 20 4 6 168.68 1.20 
4 5 2 6 260.35 2.40 43 20 4 8 184.02 1.60 
5 5 2 8 273.61 3.20 44 20 4 10 196.24 2.00 
6 5 2 10 285.84 4.00 45 20 6 1 176.29 0.3 
7 10 2 1 140.5 0.20 46 20 6 2 197.34 0.6 
8 10 2 2 142.4 0.40 47 20 6 4 209.66 1.2 
9 10 2 4 156.61 0.80 48 20 6 6 230.57 1.8 
10 10 2 6 170.82 1.20 49 20 6 8 243.87 2.4 
11 10 2 8 180.98 1.60 50 20 6 10 263 3 
12 10 2 10 196.71 2.00 51 20 8 1 196 0.4 
13 10 4 1 208.6 0.40 52 20 8 2 235.84 0.8 
14 10 4 2 230.96 0.80 53 20 8 4 272.29 1.6 
15 10 4 4 256.04 1.60 54 25 2 1 99.35 0.08 
16 10 4 6 280.08 2.40 55 25 2 2 100.76 0.16 
17 10 6 1 270.1 0.60 56 25 2 4 103.38 0.32 
18 15 2 1 108.08 0.13 57 25 2 6 108.33 0.48 
19 15 2 2 110.12 0.27 58 25 2 8 113.05 0.64 
20 15 2 4 116.32 0.53 59 25 2 10 118.46 0.80 
21 15 2 6 124.09 0.80 60 25 4 1 127.11 0.16 
22 15 2 8 133.41 1.07 61 25 4 2 129.44 0.32 
23 15 2 10 142.57 1.33 62 25 4 4 131.74 0.64 
24 15 4 1 166.88 0.27 63 25 4 6 140.02 0.96 
25 15 4 2 170.99 0.53 64 25 4 8 151.19 1.28 
26 15 4 4 188.05 1.07 65 25 4 10 164.29 1.60 
27 15 4 6 206.2 1.60 66 25 6 1 157.93 0.24 
28 15 4 8 225.09 2.13 67 25 6 2 168.5 0.48 
29 15 4 10 242.67 2.67 68 25 6 4 181.35 0.96 
30 15 6 1 206.55 0.40 69 25 6 6 194.54 1.44 
31 15 6 2 249.58 0.80 70 25 6 8 203.7 1.92 
32 15 6 4 278.64 1.60 71 25 6 10 210.03 2.40 
33 20 2 1 106.37 0.10 72 25 8 1 186.01 0.32 
34 20 2 2 108 0.20 73 25 8 2 208.16 0.64 
35 20 2 4 111.82 0.40 74 25 8 4 244.69 1.28 
36 20 2 6 119.36 0.60 75 25 8 6 251.72 1.92 
37 20 2 8 123.38 0.80 76 25 8 8 253.21 2.56 
38 20 2 10 141.03 1.00 77 25 8 10 255.21 3.20 
39 20 4 1 146.7 0.20 78 25 10 1 197.99 0.40 





Table 5.2: Hydroplaning speed and MTD for longitudinally grooved surfaces (ASTM E524 



























1 5 2 1 89.05 0.40 41 10 8 8 137.07 6.40 
2 5 2 2 91.94 0.80 42 10 8 10 145.3 8.00 
3 5 2 4 98.61 1.60 43 15 2 1 87.3 0.13 
4 5 2 6 105.01 2.40 44 15 2 2 88.89 0.27 
5 5 2 8 108.79 3.20 45 15 2 4 91.55 0.53 
6 5 2 10 114.51 4.00 46 15 2 6 93.77 0.80 
7 5 3 1 90.34 0.60 47 15 2 8 95.93 1.07 
8 5 3 2 95.77 1.20 48 15 2 10 97.93 1.33 
9 5 3 4 104.75 2.40 49 15 4 1 87.43 0.27 
10 5 3 6 113.62 3.60 50 15 4 2 90.83 0.53 
11 5 3 8 116.76 4.80 51 15 4 4 95.57 1.07 
12 5 3 10 119.74 6.00 52 15 4 6 100.2 1.60 
13 5 4 1 91.03 0.80 53 15 4 8 104.29 2.13 
14 5 4 2 98.2 1.60 54 15 4 10 108.71 2.67 
15 5 4 4 106.95 3.20 55 15 6 1 90.43 0.40 
16 5 4 6 117.71 4.80 56 15 6 2 94.53 0.80 
17 5 4 8 122.14 6.40 57 15 6 4 99.12 1.60 
18 5 4 10 129.06 8.00 58 15 6 6 105.51 2.40 
19 10 2 1 87.39 0.20 59 15 6 8 111.41 3.20 
20 10 2 2 90.34 0.40 60 15 6 10 116.79 4.00 
21 10 2 4 93.23 0.80 61 15 8 1 96.88 0.53 
22 10 2 6 96.68 1.20 62 15 8 2 102.37 1.07 
23 10 2 8 103.01 1.60 63 15 8 4 109.52 2.13 
24 10 2 10 103.4 2.00 64 15 8 6 116.27 3.20 
25 10 4 1 88.37 0.40 65 15 8 8 123.33 4.27 
26 10 4 2 92.55 0.80 66 15 8 10 129.52 5.33 
27 10 4 4 99.29 1.60 67 15 10 1 102.81 0.67 
28 10 4 6 105.91 2.40 68 15 10 2 104.28 1.33 
29 10 4 8 111.83 3.20 69 15 10 4 115.22 2.67 
30 10 4 10 117.38 4.00 70 15 10 6 123.36 4.00 
31 10 6 1 96.45 0.60 71 15 10 8 131.23 5.33 
32 10 6 2 100.14 1.20 72 15 10 10 141.12 6.67 
33 10 6 4 105.46 2.40 73 20 2 1 87.23 0.10 
34 10 6 6 114.46 3.60 74 20 2 2 88.74 0.20 
35 10 6 8 124.16 4.80 75 20 2 4 90.65 0.40 
36 10 6 10 129.83 6.00 76 20 2 6 92.25 0.60 
37 10 8 1 102.5 0.80 77 20 2 8 93.57 0.80 
38 10 8 2 105.99 1.60 78 20 2 10 95.6 1.00 
39 10 8 4 116.33 3.20 79 20 4 1 87.28 0.20 





Table 5.2: Hydroplaning speed and MTD for longitudinally grooved surfaces (ASTM E524 




























81 20 4 4 93.13 0.8 107 25 2 8 92.82 0.64 
82 20 4 6 96.69 1.2 108 25 2 10 94.13 0.8 
83 20 4 8 99.6 1.6 109 25 4 1 87.26 0.16 
84 20 4 10 103.23 2 110 25 4 2 88.25 0.32 
85 20 6 1 89.88 0.3 111 25 4 4 92.42 0.64 
86 20 6 2 92.5 0.6 112 25 4 6 95.24 0.96 
87 20 6 4 96.16 1.2 113 25 4 8 97.99 1.28 
88 20 6 6 101.09 1.8 114 25 4 10 100.54 1.6 
89 20 6 8 105.7 2.4 115 25 6 1 89.13 0.24 
90 20 6 10 109.33 3 116 25 6 2 91.07 0.48 
91 20 8 1 92.66 0.4 117 25 6 4 95.57 0.96 
92 20 8 2 97.44 0.8 118 25 6 6 99.29 1.44 
93 20 8 4 104.63 1.6 119 25 6 8 103.19 1.92 
94 20 8 6 109.94 2.4 120 25 6 10 107.04 2.4 
95 20 8 8 115.84 3.2 121 25 8 1 89.85 0.32 
96 20 8 10 120.54 4 122 25 8 2 91.77 0.64 
97 20 10 1 97.36 0.5 123 25 8 4 97.99 1.28 
98 20 10 2 103.03 1 124 25 8 6 103.67 1.92 
99 20 10 4 109.37 2 125 25 8 8 108.94 2.56 
100 20 10 6 115.55 3 126 25 8 10 113.21 3.2 
101 20 10 8 121.39 4 127 25 10 1 90.76 0.4 
102 20 10 10 130.45 5 128 25 10 2 93.61 0.8 
103 25 2 1 87.04 0.08 129 25 10 4 100.51 1.6 
104 25 2 2 87.17 0.16 130 25 10 6 107.96 2.4 
105 25 2 4 89.81 0.32 131 25 10 8 114.79 3.2 




















Table 5.3: Hydroplaning speed and MTD for grid-pattern grooved surfaces (ASTM E524 






















1 15 10 15 10 1 170.00 0.56 
2 15 10 15 10 2 184.76 1.11 
3 15 10 15 10 4 244.48 2.23 
4 15 10 15 10 6 287.27 3.34 
5 20 15 20 15 1 155.00 0.43 
6 20 15 20 15 2 176.12 0.87 
7 20 15 20 15 4 188.19 1.74 
8 20 15 20 15 6 199.95 2.61 
9 25 20 25 20 1 132.50 0.36 
10 25 20 25 20 2 145.90 0.73 
11 25 20 25 20 4 165.00 1.45 
12 25 20 25 20 6 178.90 2.18 
13 10 5 15 10 1 172.65 0.67 
14 10 5 15 10 2 188.20 1.34 
15 10 5 15 10 4 246.40 2.67 
16 10 5 15 10 6 293.25 4.01 
17 10 5 20 15 1 160.20 0.63 
18 10 5 20 15 2 183.50 1.25 
19 10 5 20 15 4 193.20 2.50 







Table 5.4: Water discharge rate of grooves 
 
Case Discharge Rate  of Surfaces 
Pattern A -- Transversely grooved surface with 5 mm 




Pattern B -- Longitudinally grooved surface with 5 mm 




Pattern C -- Grid-pattern grooved surface with 5 mm 
wide 6 mm deep grooved at 25 mm spacing in both 










































(a) Pattern A: Transverse Grooves 
Section A-A 
 
Groove width (mm) = 2, 4, 6, 8, 10 
Groove spacing (mm) =5, 10, 15, 20, 25 
Groove depth (mm) =1, 2, 4, 6, 8, 10 
 




Groove width (mm) = 2, 4, 6, 8, 10 
Groove spacing (mm) =5, 10, 15, 20, 25 







Transverse groove width (mm) = 5 
Longitudinal groove width (mm) = 5 
Sw (mm) =10, 15, 20, 25 
Sl (mm) = 15, 20, 25 
Groove depth (mm) =1, 2, 4, 6 
 




































































Figure 5.2 Region filled with water in the 3-Dimensional model for grid type pavement 
grooving 
Macrotexture 







Gap between pavement 
surface and tire surface 




with water A 
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Velocity inlet for 
water 
Side pressure outlet 
for water 
Symmetry line 
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w=6 mm 
R2 = 0.9814 
w =2 mm 
w=4 mm 
w=8 mm 
Groove spacing =20 mm 
Groove Width = w  
R2 = 0.9113 
R2 = 0.9832 

















































































































































Mean Texture depth (MTD) (mm) 
Groove width = 6 mm 








































































Mean Texture depth (MTD) (mm) 
Grove spacing =10 mm 
Groove width = w  



























Mean Texture depth (MTD) (mm) 
Groove spacing =15 mm 
Groove width = w  
w =2 mm 
w=4 mm 
w=6 mm 
R2 = 0.9118 
R2 = 0.9963 
R2 = 0.989 
(b) Groove spacing of 15 mm with varying widths 
(c) Groove spacing of 20 mm with varying widths (d) Groove spacing of 25 mm with varying widths 
   
x 
(e) Groove width of 2 mm with varying spacing 
   
x 
   *   
(f) Groove width of 4 mm with varying spacing 
(g) Groove width of 6 mm with varying spacing (h)  Groove width of 8 mm with varying spacing 
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) No. of points= 79





















































































































Mean Texture depth (MTD) (mm) 
Groove spacing=10 mm 
Groove spacing=5 mm 
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Mean Texture depth (MTD) (mm) 
Groove spacing=20 mm 



















Mean Texture depth (MTD) (mm) 
Groove spacing=25 mm 
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(f) Groove width of 2 mm with varying spacing (g) Groove width of 4 mm with varying spacing 
(h) Groove width of 6 mm with varying spacing (i) Groove width of 8 mm with varying spacing 































































































Mean Texture depth (MTD) (mm) 
























































































































































































































0 1 2 3 4 5
(a) Grid-pattern with longitudinal groove spacing of 15 
mm and transverse groove spacing of 15 mm 
 
(b) Grid-pattern with longitudinal groove spacing of 20 
mm and transverse groove spacing of 20 mm 
 
(c) Grid-pattern with longitudinal groove spacing of 25 
mm and transverse groove spacing of 25 mm 
 
(d) Grid-pattern with longitudinal groove spacing of 15 
mm and transverse groove spacing of 10 mm 
 
(e) Grid-pattern with longitudinal groove spacing of 20 
mm and transverse groove spacing of 10 mm 
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Groove spacing = 25 mm 




































































Figure 5.11 Development trends of hydrodynamic uplift forces for different grooved 
surfaces 
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(a) Transversely grooved surfaces with groove spacing of 25 mm, groove width of 5 mm and 
varying groove depths 
(b) Longitudinally grooved surfaces with groove spacing of 25 mm, groove width of 5 mm and 
varying groove depths 
 
Uplift at Hydroplaning speed 
Groove spacing = 25 mm 
Groove width=5 mm 
2 mm 8 mm 10 mm Groove depths  4 mm 
2 mm 8 mm 
Uplift at Hydroplaning speed 
Groove spacing = 25 mm 
Groove width=5 mm 
10 mm 4 mm 6 mm 1 mm Groove depths  
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Sl=Sw = 25 mm 
l=w=5 mm 
Groove depth = 6 mm 
Sl=Sw = 25 mm 















































(c) Grid-pattern grooved surfaces with groove spacing of 25 mm, groove width of 5 mm and 
varying groove depths 
 
(d) Uplift forces for different grooved surfaces 
 
Uplift at Hydroplaning speed 
Groove depths  2 mm 4 mm 1 mm 6 mm 
Uplift at Hydroplaning speed 





















Vehicle sliding speed (km/h) 
Figure 5.11 Development trends of hydrodynamic uplift forces for different 
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Pav. groove width= 4.76 mm 
Pav. groove depth = 0-10 mm 
Pav. Groove spacing =12.06 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
















Pav. groove width= 6.35  mm 
Pav. groove depth = 0-10 
Pav. groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 








Groove depth (mm) 



































































































0 1 2 3 4 5 6 7 8 9 10







































































































A Varying 165.5 6.35 6 6 25 
B 4800 varying 6.35 6 6 25 




6 VEHICLE STOPPING DISTANCE ANALYSIS 
6.1 Introduction 
Stopping distance is the distance a vehicle will travel from the point when brakes 
are fully applied until it comes to a complete rest. It has been observed that during wet 
weather the stopping distance increases in comparison to a dry weather case. Crash data 
reported by VicRoads and RTA (1996) show that for Sydney region 26% of car accidents 
occurred from the rear end and almost 42% of these resulted in injury. Providing 
adequate stopping distance to the motorist is necessary for safe highway operation. A 
vehicle needs traction to stop. A tire achieves the highest traction on a clean and dry road. 
But if the road surface is contaminated by fluids which form a very slippery film between 
pavement surface and the tire, much of the tire traction could be lost. A major factor 
which affects stopping distance is availability of sufficient tire-pavement friction. As 
explained in Chapter 5 there are many factors such as tire inflation pressure, presence of 
water on the pavement surface, vehicle load, texture of pavement surface, vehicle speed 
etc. which affect the skid resistance. Unfortunately, most of the existing methods of 
braking distance calculation do not consider these factors while estimating vehicle 
stopping distances. The current chapter focuses on the calculation of stopping distances 
based on the predicted skid resistance under different vehicle operating and road 
conditions. 
6.2 Braking Distance Calculation 
Braking distances can be calculated using the laws of motion, which are 




assumed that the vehicle is a simple object with mass m sliding on an inclined surface, 
where the angle of incline equals theta (θ).  Forces that are acting on the objects are 
gravitational force tending to pull it downhill and frictional force tending to resist the 
downhill motion. Equating forces results in Equation 6.1. 
F = W(sin(θ) − fcos(θ))                                                                    (6.1) 
where, W = weight and f = coefficient of friction.                      
Substituting the force F with the by mass of the object times deceleration and the weight 
W with mass times gravitational acceleration, Equation 6.1 becomes: 
a = g(sin(θ) − fcos(θ))                                                                    (6.2) 
The principle of work and energy can be applied to determine the automobile braking 
distance. For a vehicle with known initial speed v0 and deceleration a, the distance d 
traveled by the vehicle to a completely stop can be calculated when the total work 





  d= 0.5v0
2
/a                                                                                (6.3) 









                                                       (6.4) 
















0039.0                                                 (6.5) 




6.2.1  Procedure Adopted by Various Countries 
Equation 6.5 as shown in the previous section has been commonly adopted by 
many countries for baking distance calculation. Table 6.1 summarizes the current 
practices for determining braking and stopping distances adopted in different countries.  
The deceleration rate, a, depends mainly on the tire-pavement friction or skid resistance 
available and the braking system of the vehicle. As mentioned in Chapter 5, tire-
pavement skid resistance varies with vehicle speed, and is also dependent on other factors 
such as tire type, tire inflation pressure, tire tread depth, magnitude of wheel load, surface 
properties of pavement material, pavement texture depth, and the thickness of water-film 
on pavement surface. However, in most of design guidelines either the value of ‗a’ is not 
clearly stated or it is considered as a single value of deceleration rate to represent the 
overall operating conditions of pavement. This is unsatisfactory as it may lead to unsafe 
design of roadway.  
6.3 Need for Evaluation of Braking Distance of In-Service Pavements  
     Since pavement skid resistance varies with time and operating conditions, it is 
necessary for traffic and road agencies to examine conditions of roads periodically to 
ensure that the applicable safe stopping distance requirements are satisfied. For example, 
all US states monitor pavement skid resistance and texture depth regularly for safe road 
operations (Haas et al., 1995; Li et al, 2005). A skid resistance threshold level is specified 
within a pavement management system to act for corrective treatments necessary to raise 
the skid resistance of affected pavement sections to a satisfactory level. It is commonly 
known that raising pavement skid resistance helps to reduce the risk of accidents, and a 




(Wambold et al., 1986, Piyatrapoomi, 2005). However, it is not easy to estimate this 
threshold skid resistance which would satisfy the braking distance requirement because 
of the following reasons: 
 Skid resistance during wet weather greatly reduced by the presence of water on 
the surface and thus its value depends on the drainage capability of the roadway. 
 Skid resistance values vary with vehicle speed. It decreases with an increase in 
vehicle speed.  
 Tire-pavement skid resistance tends to deteriorate with time under repeated traffic 
actions due to polishing of aggregates. 
 Besides the braking system of a vehicle, the magnitudes of vehicle wheel loads, 
tire inflation pressure and tire tread depth also have important effects on tire-pavement 
skid resistance as described in earlier chapters 
Thus it can be seen that because of the combined effect of the various factors, skid 
resistance value is likely to vary for different road sections at different vehicle speeds. 
For safety reason, it is important for the road authorities to determine the braking 
distances under different operating conditions. The benefit of pavement grooving in 
reducing breaking distance is examined in this chapter.   
6.4 Mechanistic Determination of Braking Distance for In-Service Pavements  
This section of the chapter would illustrate an overall framework that has been 
adopted to evaluate breaking distances, considering various factors such as the effect of 




6.4.1 Computation of Braking Distance   
For a vehicle having a known tire type and properties, its braking distance on a 
given pavement is a function of its initial speed on the pavement surface. The general 









where v(t) is the vehicle speed at time t, t = 0 is the time when the brake is first applied, t 
= T is the time at which the vehicle comes to a complete stop, i.e. v(T) = 0, and Δx 
represents the distance covered over a time period Δt, as shown in Figure 6.1.  







where a(t) is the deceleration rate of the vehicle at time t. By Newton‘s second law of 
motion, this deceleration rate is a function of the pavement skid resistance and the grade 
of the pavement, as shown in Equation 6.3. 
 a(t) = [G+µ(t)]g  
where µ(t) is the coefficient of friction between the tire and wet pavement surface, G is 
the grade of the pavement and g is the acceleration due to gravity. In highway 
engineering practice, pavement skid resistance is often measured in terms of skid number 
SN which is numerically related to the tire-pavement coefficient of friction µ(t).  
µ = 0.01 (SN) 










Δv represents the velocity reduction over a time period Δt, as shown in Figure 6.1.  
The deceleration rate a(t) varies inversely with vehicle speed v(t), as implied 
schematically in Figure 6.1. For a pavement section with constant grade G, the variation 
of deceleration rate a(t) with speed is due entirely to the tire-pavement coefficient of 
friction µ(t), or skid resistance. The relationship between vehicle speed v(t) and skid 
number SN is a widely researched topic and their relationship with the thickness of water 
film on pavement surface is also well studied. As will be demonstrated in later sections of 
this chapter, this relationship has major influences on the variation of braking distance on 
in-service pavements. 
6.4.2 Procedure for Analysis of Braking Distance and Friction Threshold Level  
For the present study, the parameters of the operating conditions are listed in the 
Table 6.2. The detailed modeling of the ASTM smooth tires for the simulation model is 
already explained in Chapter 4. The procedure to obtain braking distance can be 
summarized in following two steps:  
Step 1: The ASTM smooth tire skid resistance test uses a water-film thickness of 
0.5 mm.  For a given SN value, determine the corresponding skid number SN at any 
given water film thickness, using the finite element simulation model. 
Step 2: For each computed SN corresponding to a water-film thickness, calculate 
braking distances for different vehicle speeds, using braking distance computation 
procedure described in the previous the section 6.4.1 of this chapter.  
(6.10)   
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6.4.3 Accounting for Braking and Driver Control Efficiency  
Effective braking is a complex interaction between the driver, the brake system, 
tires, loading characteristics and pavement surface characteristics. Olson et al. (1984) 
suggested a model to predict braking distance considering the tire tread depth, vehicle 
braking performance and driver control efficiency. Parametrically, the coefficient of 
friction can be corrected and expressed as shown in Equation 6.11.  
µ* = µ × TF × BE × CE                                      
where µ* is the corrected friction coefficient accounting for efficiency losses, µ is tire-
pavement friction coefficient for smooth tires, TF is the adjustment factor for tread depth, 
BE is the adjustment factor for braking efficiency and CE is the adjustment factor for 
driver control efficiency.  
Braking efficiency refers to the efficiency of the braking system in using the 
available friction. For most conventional braking systems used in vehicle, air brake 
systems are often used. In the event of braking, there is a delay (or efficiency loss) in the 
transmission of brake pedaling to actual braking on the individual wheels. The lack in 
experience causes efficiency loss in modulating the brakes and results in loss in 
efficiency in compressed air transmission from brake pedal to tires. The braking 
efficiency used in the computation ranges between 0.75 and 0.95 (Mannering et al., 
2009), while driver control efficiency ranges between 0.62 and 1.0 (Olson et al., 1984). In 
this research tire is smooth, so the adjustment factor of tread depth is considered to be 





6.5 Results and Analysis 
The analyses consider a locked smooth tire of ASTM standard E524 (ASTM, 
2005d) with zero tread depth skidding on a plane flooded pavement surface and on 
grooved pavement surfaces respectively, under operating conditions specified in        
Table 6.3. Based on these input values, the simulation model developed in this research 
was applied to obtain skid resistance values at various speeds. Figures 6.2(a) and (b) 
show the values of braking distances based on these input values for two limit cases: the 
case of worst-performing braking system and driver (with BE = 0.75 and CE = 0.62), and 
the case of best-performing braking system and driver (with BE = 0.95 and CE = 1). 
Figures 6.2(a) and (b) also show a comparison between grooved pavement surfaces and 
plane pavement surfaces. Both transversely grooved pavements and longitudinally 
grooved pavements are found to be effective in reducing braking distances as compared 
to plane pavement surface. Transversely grooved pavements are found to be more 
effective than longitudinally grooved pavements. For example as shown in Figures 6.2(a) 
and (b), at a speed of 60 km/h under BE=0.75 and CE=0.62 longitudinally grooved 
surface reduces the stopping distance by 7 m, whereas transversely grooved pavement 
surfaces reduces braking distance by  12 m.  
6.5.1 Effect of Grooved Depths 
In order to find the effectiveness of pavement grooves in reducing vehicle 
stopping distances, simulation analysis is carried out for different pavement groove 
depths of 0 mm, 1 mm, 3 mm, 6 mm, and 10 mm at a fixed water depth of 6.35 mm, 
wheel load of 4800 N and tire inflation pressure of 165.5 kPa. For longitudinally grooved 




analysis. A groove width of 6.35 mm and spacing of 25 mm are considered for 
transversely grooved pavements.  Using the procedure as explained in Section 5.4.1 
braking distances are calculated at various groove depths. Figures 6.3(a) and (b) show a 
plot between braking distance and vehicle sliding speed at various groove depths.  
It is clear from the Figures 6.3(a) and (b) that with an increase in groove depth; 
braking distance reduces for both longitudinally and transversely grooved pavement 
surfaces. The braking distance reduces by an average of 4.35 m for each mm increase in 
groove depth of longitudinally grooved pavements, as shown in Figure 6.3(a). Figure 
6.3(b) shows similar trends on transversely groove pavements. Each mm increase in 
groove depth on average reduces braking distance by 9.0 m for transversely grooved 
pavements.  
Figures 6.3(a) and 6.3(b) also show that pavement grooving is more effective in 
reducing braking distances at higher speeds. For example, in comparison with plane 
pavement longitudinally grooved pavement with groove depth of 6 mm decreases braking 
distance by 56 m and 11 m respectively at vehicle speeds of 80 km/h and 60 km/h 
respectively. Similarly, on transversely grooved pavements with same groove depth and 
at the same vehicle speeds, braking distance would reduce by 89 m and 20 m 
respectively. The analysis indicates that the effect of pavement grooving is more 
significant in reducing braking distance at vehicle speed of 80 km/h than at 60 km/h.  
6.5.2 Effect of Water Film-thickness 
The plots that present the effects of water-film thickness are found in Figures 6.4 
and 6.5. Figure 6.4(a) shows the variation of braking distance with water-film thickness 




speed at 60 km/h. Figure 6.4(b) shows the corresponding results at 80 km/h. Figures 
6.5(a) and 6.5(b) show similar plots for transversely grooved pavement surfaces. In 
general, all other parameters being constant, braking distance increases with increasing 
water-film thickness. A thicker water-film thickness tends to result in a lower pavement 
friction which in turn leads to a longer braking distance. However, as groove depths 
increase, the rate of increase in braking distance with increasing water-film thickness 
reduces.   
6.5.3 Effect of Tire Inflation Pressure 
The plots that present the effects of tire inflation pressure are found in Figures 6.6 
and 6.7. Figure 6.6(a) shows the variation of braking distance with tire inflation pressure 
for different longitudinally grooved pavement depth, while keeping water-film thickness 
constant at 6.35 mm at a vehicle speed of 60 km/h. Figure 6.6(b) shows the 
corresponding results at 80 km/h vehicle speed. Figure 6.7(a) shows the variation of 
braking distance with tire inflation pressure for different transversely grooved pavement 
depths, while keeping water-film thickness constant at 6.35 mm at a vehicle speed of 60 
km/h. Figure 6.6(b) shows the corresponding results at 80 km/h vehicle speed. In general, 
all other parameters being constant, braking distance decreases as tire inflation pressure 
becomes larger. 
6.5.4 Effect of Wheel Load 
The plots that present the effects of wheel load are found in Figure 6.8. Figure 
6.8(a) shows the variation of braking distance with the magnitude of wheel load for 




while keeping vehicle speed constant at 80 km/h. Figure 6.8(b) shows the corresponding 
results for different transversely grooved pavement. In both cases the tire inflation 
pressure is kept constant at 165.5 kPa. In general, all other parameters being constant, 
braking distance decreases with wheel load. However, the stopping distances for 
longitudinally grooved pavements and transversely grooved pavements are relatively 
insensitive to changes in wheel load. For example, on a 6 mm deep longitudinally 
grooved pavements at a vehicle speed of 80 km/h, braking distances are 114 m and 104 m 
at wheel loads of 2.5 kN to 5.0 kN respectively. Figure 6.8(b) reveals that the 
corresponding braking distances for 6 mm deep transverse grooves are 77 m and 71 m 
respectively. This implies for ASTM standard smooth passenger car tires, increase in 
wheel load by 3.0 kN reduces the braking distance by 10 m and 6 m for longitudinally 
and transversely grooved pavements respectively for the above mentioned groove 
dimensions, tire inflation pressure and water depth.  
6.6 Summary on Variation Trends in Automobile Braking Distance 
The analysis presented in this chapter shows the effects that tire inflation pressure, 
wheel load, water-film thickness and sliding speed, on the length of braking distance. The 
analyses show that braking distance varies positively with water-film thickness and 
vehicle sliding speed, but negatively with driver control efficiency, tire inflation pressure 
and wheel load. From a safety point of view, the most unfavorable driving condition is 
the case of an inexperienced driver (i.e. low driver control) driving at high speed, low 
wheel load, with a low tire inflation pressure on a flooded pavement with a thick layer of 




reduce the breaking distance, i.e. decrease in risk of collision. Pavement grooves are 





















Stopping distance is the sum of the braking distance and the distance the vehicle travels during a 
reaction time of 1.5 seconds, and may be calculated using the following formula: 
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40 0.52 12.1 33 NA 
50 0.50 19.9 46 NA 
60 0.47 30.5 60 180  
70 0.45 43.3 80 200  






Europe, 2002)  
EU does not specify detailed braking distance computations nor friction values, but instead uses a 
table to determine stopping distance (i.e. decision sight distance + braking distance) for 
international traffic arteries. 








New Zealand , 
2000) 
In Australia similar approach is adopted, with the exception that the reaction time of 2 or 2.5 




   Friction 
Coefficient  
for cars 





30 0.52 16.7 6.8 25 
40 0.52 22.2 12.1 35 
60 0.48 33.3 29.5 65 




UK standards d uses a table to determine stopping sight distances (i.e. decision sight distance + 
braking distance). 









Stopping distance is the sum of the braking distance and the distance the vehicle travels during a 
reaction time of 2.5 seconds, and may be calculated using the following formula:                         
 ,  
where v is vehicle speed in km/h , µ is friction the coefficient, a is the deceleration rate 
in m/s2 , G is the grade and g is the acceleration due to gravity. For table below values 


















30 32 0.40 22.2 (20.9) 10.2 (10.3) 32.4 (31.2) 
50 45 0.35 31.3 (34.8) 23 (28.7) 54.3 (63.5) 
65 58 0.32 40.3 (45.2) 41.8 (48.5) 82.1 (93.7) 
80 71 0.29 49.3 (55.6) 69.1 (73.4) 118.4 (129) 

































Type Bald (ASTM E524) 
Tire inflation 
pressure 100-250 kPa 
Wheel load 2500-5500 N 
Pavement properties 
Pavement type Plane, Transversely grooved, Longitudinally grooved 
Groove depth 0-10 mm 
Contaminant properties 
Contaminant type water 
Water depth 0.5 mm -10 mm 
Temperature 20 deg. C 
Density  998.2 kg/m
3
 
Dynamic Viscosity 1.002 x 10 (-3) NS/  m
3
 
Kinematic Viscosity 1.004 x 10 (-6)  m
2
/sec 

















burlap drag concrete 
(Horne and Tanner, 
1969) 
6.35 4800 
32.2 6.35 6.35 25.4 72 
64.3 6.35 6.35 25.4 65 
96.5 6.35 6.35 25.4 53 
Longitudinally 
grooved concrete 
surface (Merlin and 
Horne, 1977) 
1.5 4800 
20 4.76 3.18 12.5 71 
40 4.76 3.18 12.5 59 
60 4.76 3.18 12.5 52 



























































Vehicle speed (km/h) 












































Figure 6.2 Braking distance calculations with braking and driver control efficiency 
 
 
Tire load = 4800 N 
Pav. groove depth = 3.18 mm 
Pav. groove spacing = 12 mm 
Pav. groove spacing =4.76 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 1.5 mm 
 Case 1: PP; BE = 0.75, CE=0.62 
Case 2: PP; BE = 0.95, CE=1.00 
Case 3: GP; BE = 0.75, CE=0.62 




b) Longitudinally grooved pavement surface 
a) Transversely grooved pavement surface 
BE = Braking efficiency 
CE= Control efficiency 
PP =Plane pavement 
GP=Grooved pavement 
Tire load = 4800 N 
Pav. groove depth = 6.35 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 







Case 1: PP; BE = 0.75, CE=0.62 
Case 2: PP; BE = 0.95, CE=1.00 
Case 3: GP; BE = 0.75, CE=0.62 









BE = Braking efficiency 
CE= Control efficiency 























































Wheel load=4800 N 
Pav. groove width= 4.76  mm 
Pav. groove depth = 0-10 
Pav. groove spacing =12 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 
b) Longitudinally grooved pavement surface  
 




Wheel load= 4800 N 
Pav. groove width= 6.35  mm 
Pav. groove depth = 0-10 
Pav. groove spacing =25 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 
Figure 6.3 Effect of groove depth on braking for grooved pavement surface 






















Water depth (mm) 
















































Figure 6.4 Braking distance at different water depth for longitudinally grooved pavement 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 4.76 mm 
Pav. groove spacing =12 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 0-10 mm 
 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 4.76 mm 
Pav. groove spacing =12 mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 0-10 mm 
 
a) At vehicle speed of 60 km/h 




































































 Figure 6.5 Braking distance at different water depth for transversely grooved 
pavement 
a) At vehicle speed of 80 km/h 
b)  At vehicle speed of 60 km/h 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25  mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 0-10 mm 
 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25  mm 
Tire inflation pressure = 165.5 kPa 






































































Figure 6.6 Braking distance at diffrent tire inflation pressure for longitudinally grooved 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 4.76 mm 
Pav. groove spacing =12  mm 
Tire inflation pressure = 100-250 kPa 







Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 4.76 mm 
Pav. groove spacing =12  mm 
Tire inflation pressure = 0-250 kPa 







b)  At vehicle speed of 80 km/h 



























































Figure 6.7 Braking distance at different tire inflation pressure for transversely grooved 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25  mm 
Tire inflation pressure = 0-250 kPa 







a)  At vehicle speed of 60 km/h 
Tire load = 4800 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25  mm 
Tire inflation pressure = 0-250 kPa 
Water film thickness = 6.35 mm 
 














Wheel load (N) 

















































Figure 6.8 Braking distance at varying vehicle load for grooved pavement
Tire load = 2500-5500  N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25  mm 
Tire inflation pressure = 165.5 kPa 








At vehicle speed of 80 km/h 
a)  Longitudinally grooved pavement surface 
Tire load = 2500-5500 N 
Pav. groove depth = 0-10 mm 
Pav. groove width = 6.35 mm 
Pav. groove spacing =25  mm 
Tire inflation pressure = 165.5 kPa 
Water film thickness = 6.35 mm 
 
At vehicle speed of 80 km/h 










7 SKID RESISTANCES AND HYDROPLANING OF TRUCK TIRES ON GROOVED 
PAVEMENT 
7.1 Introduction 
Past researches on traffic safety reveals that trucks, because of the characteristics of truck 
tires which are different from passenger car tires are more prone to wet weather accidents than 
passenger cars (Chira-Chavla, 1985; Ivey, 1984). As illustrated by Ong and Fwa (2010) the 
major reason for these accidents are the relatively lower wet skid resistance of truck tires on 
normal highway operation speed. Sakai et al.  (1978) showed that the wet-traction level of truck 
tires fell by about 15% when the load was reduced to 0.6 times the rated load value. Ervin et al. 
(1985) suggested that the loss of truck tire traction on wetted surfaces is related to the following 
factors: (a) High speed; (b) Ramps having large radius curves; (c) Lightly loaded truck; (d) High-
speed turn; (e) Poor pavement texture; and (f) Water drainage characteristics. 
The widely adopted NASA hydroplaning equation is able to predict the hydroplaning 
speed for passenger cars on a wet pavement closely. However, field observations and 
experimental studies have shown that the same NASA equation cannot explain the hydroplaning 
behaviors of trucks. According to the NASA equation, hydroplaning may only occur to trucks at 
a very high speed. However, real world accident analysis suggests that truck hydroplaning may 
occur within the normal operational vehicle range. It has also been reported that that lightly 
loaded trucks are more prone to hydroplaning than heavily loaded trucks (Chira-Chavla, 1985; 
Ivey, 1984) which again cannot be explained by the NASA equation. Horne (1984) suggested 
that a more rapid loss of ground contact under lightly-loaded truck tires was due to their footprint 
aspect ratio, which is defined as the width of tire contact area divided by its length. A heavier 




Past theoretical and analytical researches failed to provide satisfactory results of truck 
hydroplaning and skid resistance because of incomplete representation of the problem.  Martin 
(1966) and Tsakonas et al. (1968) assumed inviscid fluid flow while Browne (1971) and Grogger 
and Weiss (1996) also failed to consider the effects of tire deformation. Most of the fluid-
structure modeling considered flow as laminar instead of turbulent flow or an inciscid fluid flow 
was assumed (Zmindak, 1996; Seta, 2000 and Okano et al., 2001). Although it has been found 
experimentally that trucks have lower hydroplaning speeds than the predicted values by the 
NASA equation, there has not been any analytical or theoretical studies that are able to explain 
this phenomenon. The research by Ong and Fwa (2008, 2010) provides some insights into the 
problem by making use of three-dimensional finite element simulations with consideration of 
fluid–tire interaction. They examined the effects of tire inflation pressure, footprint aspect ratio, 
and wheel load on truck hydroplaning speed and skid resistance. However, their models 
considered only plane pavement and did not consider the effect pavement macrotexture. 
This chapter presents a computer simulation modeling of truck tires on grooved 
pavement, and analyzes the effect of pavement grooving on truck tire hydroplaning and skid 
resistance. The finite element analysis computer software ADINA, is used to solve the coupled 
tire–fluid interaction problem as explained in Chapter 3.  
7.2 Modeling of Truck Tire  
Three-dimensional modeling of truck tire requires a fairly detailed representation of the 
tire cross-section. The basic data such as general structure properties, load-deflection response 
and footprint dimensions are required parameter for modeling the tires. Adopting the tire model 
described in Chapter 4, three major structural components, namely tire rim, sidewalls and tread 




footprint (contact area) is the critical and crucial factor for the simulation in the hydroplaning 
and skid resistance analysis, the contact areas should be carefully verified with experimental 
results.  
A truck tire is modeled by using four-node isoparametric singlelayer mixed interpolation 
of tensorial components (MITC4) shell elements (ADINA, 2005). Based on the mesh sensitivity 
analysis it was found that more than 9650 shell elements in the truck tire model would be 
sufficient for fairly accurate results. The 10.00-20 truck tire studied by Horne et al. (1986) in 
their experiments is adopted for the simulation analysis in this study. The tire rim is assumed to 
be rigid and have an elastic modulus of 100 GPa, a Poisson ratio of 0.3, and a density of 2,700 
kg/m
3
. The tire sidewall and tread are assumed to be of a homogeneous, orthotropic elastic 
material with elastic moduli Ea, Eb, and Ec of 900 MPa, 700 MPa, and 700 MPa, respectively. 
The subscripts a and b refer to the in-plane orthogonal material axes, and the subscript c is the 
third material axis, which is perpendicular to the plane defined by a and b. The corresponding 
shear moduli Ga, Gb, and Gc are 30 MPa each,with a Poisson ratio of 0.45, and a density of 1,200 
kg/m3 (Zmindak et al., 1997 and Tanner et al. 1996). The choice of elastic properties of the tire 
sidewall and tread requires a careful calibration, so that the simulated footprint would be as close 
as possible to the actual footprint of a stationary tire on dry pavement under the same load.  
Figures 7.1(a) and 7.1(b) show the finite element models for the truck tire and the fluid 
respectively. Figure 7.2 shows the mesh sensitivity analysis of the model. It was found that the 
use of more than 25,000 elements in the fluid model would be sufficient to give relatively 
accurate results. The fluid domain is modeled using 4-node tetrahedral elements. This element 
type is known to be suitable for three-dimensional flows of both high and low Reynolds and 




translation and rotation. The boundary conditions that govern the modeling of the truck tire are 
as follows:  
• Fluid–structure interface at the tread face of the tire, 
• Wheel load acting on the rim of the tire, and 
• Tire inflation pressure acting on the inner faces of the tire. 
7.3 Validation of Truck Tire Models 
Table 7.1 shows that the simulated footprint dimensions compare well with the measured 
tire contact footprint data published by Horne et al. (1986).  Figure 7.3 shows a comparison of 
simulated and measured footprint under different wheel loads. The close match between the 
simulation results and the experimental data points indicates the suitability of the truck tire 
model. Further verification of the truck tire model with experimental results of hydroplaning and 
skid resistance will be discussed in the following sub-sections. 
7.3.1 Hydroplaning Speed for Truck Tire on Smooth Pavement 
In the simulation analysis, the tire inflation pressures are varied from 165 to 700 kPa (24 
to 101.5 psi) for a tire load of 4,200 N and a water-film thickness of 4.8 mm is considered. The 
experimentally measured hydroplaning speeds by Texas Transportation Institute for worn 10.00-
20 bias-ply truck tires were compared with the simulation prediction in Figure 7.4. The 
comparison shows that the simulation results fit extremely well with the experimentally derived 
relationship. The graph also confirms the widely verified observation that hydroplaning speed 




7.3.2 Skid resistance for Truck Tire on Smooth Pavement 
For the validation of skid resistance, experimentally measured skid resistance values by 
two researchers are used as the basis for comparison with simulation results. Table 7.2 lists the 
two experimental studies with the experimental conditions under which skid resistance 
measurements were made. Thurman and Leasure (1977) used smooth 10.00–20 truck tires; while 
Dijks (1976), measured skid resistance values using worn 10.00 R 20 truck tires with 0-mm tread 
depth. The results of the validation are summarized in Table 7.3.  
In the validation analysis, it is necessary to determine the SN at zero speed SN0 which is 
dependent on the material properties of the tire rubber and the moist pavement surface. Using the 
back-analysis procedure in Chapter 3, SN0 values are calculated and listed in Table 7.3. These 
results suggest that the simulation model is capable of predicting wet pavement skid resistance at 
various sliding locked wheel speeds with good accuracy. 
It is observed from Table 7.3 that the numerical differences between the predicted and 
measured SN are at most 2.8, and in terms of percentage error, all cases have errors less than 
10%. Figures 7.5 (a) to 7.5 (f) have been plotted using the experimental results and simulation 
results for the various tests in Table 7.2.  A close fit is observed for experimental and simulation 
SN values at different vehicle speeds for the various experimental conditions.  All the 
experimental and simulation SN points plotted in Figure 7.6. These results suggest that the 
simulation model is capable of predicting wet pavement skid resistance at various locked wheel 
speeds with good accuracy. 
7.3.3 Skid resistance for Truck Tire on Grooved Pavement 
The section presents further validation of the simulation model using experimentally 




resistance values are for both longitudinally grooved pavement surface and transverse grooved 
surface. The simulation analysis was performed for the following conditions: pavement groove 
depth of 5 mm, groove width of 5 mm, groove spacing of 20 mm, tire inflation pressure of 552 
kPa , wheel load of 29.4 kN, and water film thickness of 0.5 mm. Figures 7.7 (a) and 7.7 (b) 
show that skid resistance decreases with the increase in vehicle velocity for both transversely and 
longitudinally grooved pavement surfaces.    
The validation as presented in Figure 7.7 shows that the simulation model predicts value 
of skid resistance fairly accurate. One of the key input parameter in the simulation model is SN0, 
which can be either back-calculated with experimental results as proposed earlier, or can be 
obtained directly from experiments. Once this is known, the effect of groove dimensions on the 
skid resistance can be studied. In the subsequent analysis a reasonable value of SN0 as 60 is 
assumed and simulation is carried out to study the trends of skid resistance under different 
operating conditions.  
7.4 Mechanism of Skid Resistance 
It is of practical importance to highway and airfield engineers to have a good 
understanding of the mechanisms responsible for the deterioration of wet-pavement skid 
resistance with increasing sliding speed of a locked wheel. The numerical simulation model 
offers a useful tool to gain an insight into the mechanisms through the detailed responses of the 
tire, the fluid and the pavement surface available from the simulation. The following sub-
sections examine the simulation results in detail and attempt to offer some explanations on the 
roles of various factors that contribute to the progressive loss of wet-pavement skid resistance as 
the sliding speed of a locked wheel is raised and how pavement grooving is useful in raising skid 




7.4.1 Forces Contributing to Skid Resistance 
From the definition of skid resistance it is clear that since the vertical load
 
remains 
constant throughout the sliding process, the only variable that is responsible for the changes in 
the measured skid resistance is the horizontal resistance force. The horizontal resistance force is 
the sum of two forces: the traction force that develops at the tire-pavement contact interface to 
resist the sliding movement, and the fluid drag force. The relative contributions of these two 
components and their respective variations directly affect the skid resistance. 
Figures 7.8 (a) and (b) plots the changes in the horizontal traction force at the tire-
pavement contact and the horizontal fluid drag force, respectively, against the sliding locked 
wheel speed for longitudinally grooved pavement surface and transversely grooved pavement 
surfaces respectively. Initially at zero sliding speed of the locked wheel, there is no drag force 
and the total skid resistance is equal to that provided by the traction force. As the wheel sliding 
speed picks up, there is a gradual loss in the horizontal traction initially. Thereafter there is a 
much faster rate of decrease in the traction force with the sliding speed. While the horizontal 
traction force decreases with the sliding wheel speed, the fluid drag force gradually increases as 
the speed of fluid flow rises. However, the magnitude of the increase of the drag force and 
decrease in the traction force varies differently in grooved pavement and plane pavement. As 
shown in Figures 7.8(a) and 7.8(b) both longitudinal grooving and transverse grooving shows a 
lower rate of decrement in traction force as compared to plane pavement surface. Since the 
increase in drag force is insufficient to compensate for the loss of traction force, there is a net 
loss in the total horizontal resistance force as the locked-wheel sliding speed increases. Thus the 
skid resistance is found to be more on grooved pavement than plane pavement.  
Figure 7.9 shows the relative percentage contributions of the two components of the 




tire-pavement contact is the key contributor to wet-pavement skid resistance. The results show 
that rate of decrement of traction force is lowest for transverse grooving followed by longitudinal 
grooved and plane pavement surface.  
7.5 Variation Characteristics of Hydroplaning and Skid Resistance of Truck Tires on 
Grooved Pavements 
This section presents an analysis of the various factors that influence wet-pavement skid 
resistance and hydroplaning potential of truck tires on grooved pavements, and the respective 
trends of variation of skid resistance and hydroplaning speed with each of these factors. The 
simulation model allows a detailed coverage of each factor by considering the range of its values 
encountered in practice for the normal operations. Table 7.4 lists the factors studied and range of 
values considered for each factor. As listed in Table 7.4, analysis is carried at five groove depths 
of 0 mm, 3 mm, 7 mm, and 10 mm at fixed groove width of 5 mm and spacing of 20 mm for 
smooth truck tire. A range of 100 kpa-700 kPa for tire inflation pressure, 4.8 kN-30 kN for wheel 
load and 0 km/h-120 km/h for vehicle sliding speed is considered for the analysis at a fixed water 
depth of 6.35 mm.  
7.5.1 Effects of Pavement Grooving on Hydroplaning Speed 
Figures 7.10 to 7.12 show the effect of pavement grooving on the hydroplaning speed of 
truck tire. Pavement groove depths of 0 mm, 3 mm, 7 mm, and 10 mm are considered.  
Considering the case of plane pavement surface as the bench mark, the following observations 
can be made on the hydroplaning speeds of truck on grooved pavements: 
a) Both longitudinally and transversely grooved pavements increase the hydroplaning speed 




effective in raising hydroplaning speed for passenger cars as discussed in chapter 5, it is 
also effective in raising hydroplaning speed for truck tires.  
b) In general a deeper pavement grooving yields higher hydroplaning speed, i.e. the deeper 
the pavement groove is, the more effective it is in reducing hydroplaning risk.  The 
average increase in hydroplaning speed at a fixed wheel load of 4.8 kN for 0 to 10 mm 
groove depth in a pressure range 0–680 kPa is found to be 1.54 km/h/mm for 
longitudinally grooved surfaces and 3.44 km/h/mm for transversely grooved surfaces. 
This also suggests that transversely grooved pavement is more effective in reducing 
hydroplaning risk as compared to longitudinally grooved pavement surfaces.  
7.5.2 Effects of Tire Inflation Pressure on Hydroplaning Speed 
The plots that present the effects of tire inflation pressure are found in Figures 7.10 and 
7.11 for the analysis of hydroplaning potential on longitudinally and transversely grooved 
pavement surfaces respectively. The variation of hydroplaning speed is studied at two different 
loading conditions of 4.8 kN for a lightly loaded truck and 29.4 kN for a fully loaded truck for a 
pressure range of 0-680 kPa while keeping a fixed water depth of 6.35 mm. The following 
effects of tire inflation pressure on hydroplaning speed can be observed:  
a) In general, all other parameters being constant, the hydroplaning speed increases 
(i.e. hydroplaning potential reduces) with increasing tire inflation pressure. This is 
because a larger tire inflation pressure means that a higher uplift force is required 
for hydroplaning to occur, thereby raising the hydroplaning speed accordingly.  
b) As tire inflation pressure increases from 110 kPa to 680 kPa, the gain in the 
hydroplaning speed increases with increasing groove depth. This average increase 




7.5.3 Effects of Wheel Load on Hydroplaning Speed 
The plots that present the effects of wheel load are found in Figures 7.12 (a) and (b) for 
the analysis of hydroplaning speed on longitudinally and transversely grooved pavement surfaces 
respectively. Figure 7.12 shows the variation of hydroplaning speed with the magnitude of wheel 
load at different groove depths, while keeping the water-film thickness constant at 6.35 mm and 
holding the tire pressure constant at 552 kPa. The following effects of wheel load on 
hydroplaning speed can be observed:  
 
a) In general, all other parameters being constant, the hydroplaning speed increases (i.e. 
hydroplaning potential reduces) as the wheel load becomes larger. This is because a 
larger wheel load means that a higher uplift force is needed for hydroplaning to occur. 
Since a higher wheel sliding speed is required to produce a higher uplift force, the 
hydroplaning speed is also raised accordingly.  
b) As tire wheel load increases from 4. 8 kN to 30 kN, the gain in the hydroplaning speed 
increases with increasing groove depth. This average increase is about 37.5 km/h  at 552 
kPa tire inflation pressure.   
7.5.4 Effects of Vehicle Speed on Skid Resistance 
The plots that present the effects of vehicle speeds are found in Figures 7.13(a) and 
7.13(b) for the analysis of skid resistance on longitudinally and transversely grooved pavement 
surfaces respectively. The variation of skid resistance is studied at a loading condition of 29.4 kN 
in a velocity range of 0-120 km/h while keeping a fixed water depth of 6.35 mm and tire 





a) In general, all other parameters being constant, wet-pavement skid resistance 
decreases with increasing vehicle speed. This is consistent with the findings by 
past researchers that skid resistance decreases as the vehicle speed increases.  
b) In comparison with a plane pavement surface, both longitudinally and 
transversely grooved pavement offers better skid resistance and deeper grooving 
offers better skid resistance 
c) As vehicle speed increases from 0 km/h to 120 km/h, the skid resistance 
decreases. This decrease in SN for longitudinally grooved pavement is about 
32.76 at groove depth of 5 mm. The corresponding decrease for plane pavement 
surface is 38 and about 29.75 for transversely grooved pavement. 
7.5.5 Effects of Tire Inflation Pressure on Skid Resistance 
The plots that present the effects of tire inflation pressure are found in Figures 7.14(a) 
and 7.14(b) for the analysis of skid resistance on longitudinally and transversely grooved 
pavement surfaces respectively. The variation of skid resistance is studied at a wheel load of 29.4 
kN for fully loaded truck for a pressure range of 300-700 kPa while keeping a fixed water depth 
of 6.35 mm. The following effects of tire inflation pressure on skid resistance can be observed:  
a) In general, all other parameters being constant, wet-pavement skid resistance increases 
with increasing tire inflation pressure for both longitudinally and transversely grooved 
surfaces. It can be reasoned that for a tire with a higher inflation pressure, the tire wall in 
contact with the pavement will deform upward by a lesser amount than one with low 
inflation pressure. That is, water-film penetration into the tire footprint area will be more 
for a tire with a lower inflation pressure, resulting in a larger loss in horizontal force 




groove pavement surfaces and transversely grooved pavement surfaces offers higher skid 
resistance than plane pavement surface.  
b) As tire inflation pressure increases from 300 kPa to 700 kPa, the gain in skid resistance 
increases with increasing groove depth. This average increase is about 8 for 
longitudinally grooved pavement and 12.5 for transversely grooved surface under the 
wheel load of 29.4 kN.  
7.5.6 Effects of Wheel Load on Skid Resistance 
The plots that present the effects of wheel load are found in Figures 7.15 (a) and (b) for 
the analysis of skid resistance on longitudinally and transversely grooved pavement surfaces 
respectively. Figures 7.15(a) and (b) show the variation of skid resistance with the magnitude of 
wheel load at different groove depths, while keeping the water-film thickness constant at 6.35 
mm and the tire inflation pressure constant at 552 kPa. The following effects of wheel load on 
skid resistance can be observed:  
a) Grooved pavement consistently offers more skid resistance than plane pavement surfaces. 
In general, all other parameters being constant, the skid resistance increases as the wheel 
load becomes larger. Deeper groove depth further increases the skid resistance value. 
b)  As tire wheel load increases from 4. 8 kN to 30 kN, the skid number increases with 
increasing groove depth. This average increase is SN is about 16.9 for longitudinally 
grooved pavement surface and 25.2 for transversely grooved pavement surfaces as 





This chapter has presented the use of a three-dimensional finite-element simulation 
model to predict wet-pavement skid resistance and hydroplaning potential for trucks. The model 
considers solid mechanics, contact modeling, fluid dynamics and fluid-structure-interaction in 
the simulation. It was shown to produce hydroplaning speeds and wet-pavement skid resistance 
matching closely with experimentally measured data. 
The simulation models were further used to evaluate hydroplaning speeds on 
longitudinally and transversely grooved pavement surfaces. It was observed that deeper grooves 
provide higher hydroplaning speed for both longitudinally and transversely grooved pavement 
surfaces. It was also observed that transverse grooving is more effective in raising hydroplaning 
speed than longitudinally grooved pavement surface, and the lowest hydroplaning speeds were 
obtained on plane pavement surface. In other words, the highest risk of hydroplaning is 
associated with plane pavement followed by longitudinal and transverse grooving in that order. 
The analysis also shows that wheel load has significant effect on the hydroplaning speed 
for trucks. As the wheel load increases the hydroplaning speed increases. This confirms the 
finding by past researchers that empty trucks are more prone to hydroplaning occurrences than 
loaded trucks.  
One of the aims of this research was to build a numerical simulation model which can 
evaluate the skid resistance for truck tires. The truck tire model presented in this chapter was 
found to predict skid resistance for plane pavement and grooved pavement matching closely to 
experimental results. It was observed that wet pavement skid resistance improves when 



























Experiment Simulation Error 
W (mm) L (mm) FAR 
W 
(mm) 
L (mm) FAR W (%) L (%) 
FAR 
(%) 
552 2.5 147.8 118.9 1.243 145.8 119.4 1.221 1.4 −0.4 1.8 
552 5.2 143 119.4 1.198 149.5 122.5 1.220 −4.5 −2.6 −1.9 
552 5.7 134.6 110.2 1.221 149.5 122.6 1.219 −11.1 −11.3 0.1 
552 17.9 190.5 205.7 0.926 174.7 196.1 0.891 8.3 4.7 3.8 
552 19.2 177.8 200.2 0.888 179.8 207.3 0.867 −1.1 −3.5 2.3 
552 19.2 182.6 217.7 0.839 179.8 207.3 0.867 1.5 4.8 −3.4 





 Table 7.2: Test conditions for skid number measusurements at different vehicle speeds 











































































32 52 49.2 -2.8 -5.4   
48 47 44.7 -2.3 -4.9   
64 42 39.8 -2.2 -5.2   
72 37 37.5 0.5 1.4   
88 32 32 0 0.0 50 
32 55 53.4 -1.6 -2.9   
48 51 50.4 -0.6 -1.2   
64 46 44.8 -1.2 -2.6   
72 42 41.8 -0.2 -0.5 55 
88 39 36.7 -2.3 -5.9   
32 58 59.4 1.4 2.4   
48 55 55.9 0.9 1.6   
64 49 49.1 0.1 0.2 61 
72 44 46.1 2.1 4.8   
88 42 41.1 -0.9 -2.1   
Dijks (1976) 
50 30 29.8 -0.2 -0.7 60 
100 14 13.4 -0.6 -4.3   
50 37 35 -2 -5.4 75 
100 18 16.3 -1.7 -9.4   
50 28 26.3 -1.7 -6.1   






























Type Smooth 10-20 Truck tire 
Tire inflation pressure 100-700 kPa 
Wheel load 4.8-30 kN 
Pavement parameters 
Pavement type Plane, Transversely grooved, Longitudinally grooved 
Groove depth 0-10 mm 
Groove width 5 mm 
Groove spacing 20 mm 
Contaminant properties 
Contaminant type water 
Water depth 6.35 mm 
Temperature 20 deg. C 
Density  998.2 kg/m
3
 
Dynamic Viscosity 1.002 x 10 (-3) NS/  m
3
 






(a) 3-dimensional finite element simulation model for truck tire 









































































Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Truck speed = 110 km/h 
Tire type = 10-20 R   
 Plane pavement surface 
Transversely grooved pavement surface 
Dimensions for both longitudinal and transverse grooving 
Groove depth = 5 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
 

































































Tire inflation pressure (kPa) 
Simulation data  
Experimental relationship  
Wheel load (kN) 
Simulation data  

















Tire inflation pressure = 552 kPa    
Water depth =4.8 mm 
Wheel load = 2.5-22.3 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
10-20 Truck tire 
Tire inflation pressure = 0-700 kPa    
Water depth =4.8 mm 
Wheel load = 4.2 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
10-20 Truck tire 
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(b) For concrete surface at location B  
×    Experimental data 
         Simulation data  
 Tire inflation pressure = 552 kPa    
Water depth = 1 mm 
Wheel load = 19.2 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
(a) For concrete surface at location A  
Experimental data (after Thurman and 
Leasure, 1977) 
Experimental data (after Thurman and 
Leasure, 1977) 
Experimental data (after Thurman and 
Leasure, 1977) 
10-20 Truck tire 
10-20 Truck tire 10-20 Truck tire 
Tire inflation pressure = 552 kPa    
Water depth = 1 mm 
Wheel load = 19.2 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
Tire inflation pressure = 552 kPa    
Water depth = 1 mm 
Wheel load = 19.2 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
Tire inflation pressure = 625 kPa    
Water depth = 0.6 mm 
Wheel load = 25 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
Experimental data 
 (after Djks, 1976) 
Experimental data 
 (after Djks, 1976) 
Experimental data 
 (after Djks, 1976) 
10 R 20 Truck tire 
Tire inflation pressure = 625 kPa    
Water depth = 0.6 mm 
Wheel load = 25 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
Tire inflation pressure = 625 kPa    
Water depth = 0.6 mm 
Wheel load = 25 kN 
Pavement type = Plane 
Tire type = Smooth truck tire  
 
10 R 20 Truck tire 10 R 20 Truck tire 
(c) For concrete surface at location C 
(e) For concrete surface at location E  
(d) For concrete surface at location D  




























Truck speed (km/h) Truck speed (km/h) 
Truck speed (km/h) Truck speed (km/h) 
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1. Experimental data (after Djks, 1976; Thurman and Leasure, 1977) 
2. Smooth truck tire simulation model 
3. See Table 6.2 for experimental conditions 
 













































Figure 7.7 Validation of truck tire simulation model on grooved pavement 
 
Truck speed (km/h) 
Simulation data 
10 R 20 Truck 
tire 
Truck speed (km/h) 
Experimental data (after Krukar et al., 1972) 
Simulation data 
Tire inflation pressure = 552 kPa    
Water depth = 0.5 mm 
Wheel load = 29.4 kN 
Pavement groove depth= 5 mm 
Pavement groove width= 5 mm 
Pavement groove spacing= 20 mm 
 
10 R 20 Truck 
tire 
(a) Longitudinally grooved pavement 
(b) Transversely grooved pavement 
Experimental data (after Krukar et al., 1972) 
Tire inflation pressure = 552 kPa    
Water depth = 0.5 mm 
Wheel load = 29.4 kN 
Pavement groove depth= 5 mm 
Pavement groove width= 5 mm 
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Figure 7.8 Variation of traction force and fluid drag force at different speed 
 
SN contribution by 
traction force for plane 
pavement surface 
SN contribution by traction force 
for longitudinally grooved 
pavement  
SN contribution by drag 
force for plane pavement 
surface 
SN contribution by drag force 
for longitudinally grooved 
pavement  
Total SN for 
plane pavement 
surface 
Total SN for longitudinally 
grooved pavement  
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Truck speed = 0-250 km/h 
Tire type = 10-20 R   
 
Dimensions for longitudinal grooving 
Groove depth = 5 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
 
SN contribution by 
traction force for 
plane pavement 
surface 
SN contribution by traction 
force for longitudinally 
grooved pavement  
SN contribution by 
drag force for plane 
pavement surface 
SN contribution by drag 
force for longitudinally 
grooved pavement  
Total SN for 
longitudinally grooved 
pavement  
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Truck speed = 0-250 km/h 
Tire type = 10-20 R   
 
Dimensions for transverse grooving 
Groove depth = 5 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
 
a) Comparison between plane pavement and longitudinally grooved pavement 
































































by traction force for 
plane pavement surface 
Percentage contribution by 
drag force for plane 
pavement surface 
Percentage contribution by 
traction force for 
longitudinal grooving 
Percentage contribution by 
drag force for longitudinal 
grooving 
Percentage contribution by 
drag force for transverse 
grooving 
Percentage contribution by 
traction force for transverse 
grooving 
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Truck speed = 0-250 km/h 
Tire type = 10-20 R   
 
Dimensions for transverse grooving 
Groove depth = 5 mm 
Groove width = 5 mm 

















































Figure 7.10 Hydroplaning speed variation with tire inflation pressure for longitudinally 
grooved pavements 





































Tire inflation pressure (kPa) 
a) Wheel load of 4.8 kN 
b) Wheel load of 29.4 kN 
Tire inflation pressure = 0-800 kPa    
Water depth = 6.35 mm 
Wheel load = 4.8 kN 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
 
 
Tire inflation pressure = 0-800 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
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Tire inflation pressure (kPa) 
a) Wheel load of 4.8 kN 
Tire inflation pressure = 0-800 kPa    
Water depth = 6.35 mm 
Wheel load = 4.8 kN 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
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Tire inflation pressure = 0-800 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
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 Figure 7.12 Hydroplaning speed variation with tire wheel load 
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 0-30 kN 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 





















Wheel load (kN) 
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 0-30 kN 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
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a) Longitudinally grooved pavement surface 














































Figure 7.13 Variation of skid resistance with sliding speed 
a) Longitudinally grooved pavement surface 
f)  
Truck sliding speed (km/h) 
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Truck speed = 0-120 km/h 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
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Truck sliding speed (km/h) 
Tire inflation pressure = 552 kPa    
Water depth = 6.35 mm 
Wheel load = 29.4 kN 
Truck speed = 0-120 km/h 
Tire type = 10-20 R   
Groove depth = 0-10 mm 
Groove width = 5 mm 
Groove spacing = 20 mm 
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Figure 7.14 Variation of skid resistance with tire inflation pressure 
 
Tire inflation pressure (kPa) 
Tire inflation pressure = 300-700 kPa   Groove depth = 0-10 mm 
Water depth = 6.35 mm                         Groove width = 5 mm  
Wheel load = 29.4 kN                            Groove spacing = 20 mm 
Truck speed = 80 km/h 
Tire type = 10-20 R   
 
 
0 mm  
 
 
3 mm  
 
 
5 mm  
 
 
7 mm  
 
 
10 mm  
 
Pavement groove depth  
 
 
b) Transversely grooved pavement surface 
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Tire inflation pressure = 300-700 kPa   Groove depth = 0-10 mm 
Water depth = 6.35 mm                         Groove width = 5 mm  
Wheel load = 29.4 kN                            Groove spacing = 20 mm 
Truck speed = 80 km/h 
Tire type = 10-20 R   
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Figure 7.15 Variation of skid resistance with tire wheel load 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
Wheel load (N) 
Tire inflation pressure = 552 kPa   Groove depth = 0-10 mm 
Water depth = 6.35 mm                         Groove width = 5 mm  
Wheel load = 5-30 kN                            Groove spacing = 20 mm 
Truck speed = 80 km/h 
Tire type = 10-20 R   
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b) Transversely grooved pavement surface 
a)  
Tire inflation pressure = 552 kPa   Groove depth = 0-10 mm 
Water depth = 6.35 mm                         Groove width = 5 mm  
Wheel load = 5-30 kN                            Groove spacing = 20 mm 
Truck speed = 80 km/h 
Tire type = 10-20 R   
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8 CONCLUSIONS AND RECOMMENDATIONS 
 
The objectives of this thesis as mentioned in the beginning are: (a)To develop a finite 
element numerical model to simulate passenger car and truck hydroplaning on grooved 
pavements with different groove dimensions under different operating conditions of wheel load, 
tire inflation pressure and water film thickness; and (b)To develop a finite element numerical 
model to simulate passenger car and truck tire skid resistances on grooved pavements with 
different groove dimensions under different operating conditions of wheel load, tire inflation 
pressure and water film thickness. At first models are developed assuming fixed tire profile and 
estimating hydroplaning speed. In the later part of the research this assumption was removed by 
using finite element techniques to estimate skid resistance and hydroplaning potential in grooved 
pavement.  This chapter shall provide a brief summary of the research, the main findings and 
recommendations for further research.  
8.1 Research Overview 
As per the objectives of this research the effects of pavement grooves on hydroplaning 
potential was estimated using computational fluid dynamics on smooth passenger car tires on 
grooved pavements.  Grid pattern grooves were studied and hydroplaning risk on such grooves 
were compared with the one-directionally grooved pavements i.e. longitudinally or transversely 
grooved pavements. In the second part, hydroplaning risk and skid resistances on grooved 
pavements were estimated under different operating conditions.  Developed simulation models 
were first validated against experimental results and then various parameters were varied to 




8.1.1 Development of 3-Dimensional Pneumatic Tire Hydroplaning Simulation Model on 
grooved Pavement Surface 
The first part of research deals with the study of hydroplaning phenomenon for 
pavements with various grooved patterns for a smooth tire, i.e. tire without any tread pattern and 
grooves. The aim was to offer a better understanding of how pavement macrotexture influences 
vehicle hydroplaning potential. This research was conducted using a validated computer 
simulation model to study the variation of hydroplaning speeds on pavements having different 
macrotexture patterns and depths. An assumed tire deformation profile was used in this part of 
the research. The proposed model was analyzed to explain the benefits of improving pavement 
macrotexture in reducing hydroplaning potential. Model simulations were performed using the 
computational fluid dynamics software FLUENT. The simulation results were analyzed to 
evaluate the effects of ASTM standard smooth tire on hydroplaning for various pavement 
surfaces. The effect of macrotexture of pavement on hydroplaning was studied by developing the 
relationship between the pavement macrotexture parameters such as MTD etc., and the predicted 
hydroplaning speeds.  
8.1.2 Development of the Pneumatic Tire Hydroplaning Model 
In the hydroplaning model, the fluid flow model which includes turbulence in the 
governing equations is adopted, in which the k-  model is adopted.  The assumed tire 
deformation profile in the current research is based on experimental research by Browne (1971) 
who modeled hydroplaning based on the three-zone concept. The fluid flow model and the 
assumed tire deformation model, together with the plane pavement surface have been considered 




Simulations are run and hydroplaning is assumed to have occurred when the average 
ground hydrodynamic pressure is equal to the tire inflation pressure. The hydroplaning 
simulation analysis is conducted in two stages. First, from the initial vehicle speed of 0 km/h, a 
relatively large speed increment of 5 m/s (18 km/h) is first applied and a simulation run is 
executed. This is followed by another speed increment and a simulation run. The process is 
repeated until the fluid uplift force matches or exceeds the wheel load. This would provide a first 
estimate of the hydroplaning speed. Next, starting from a sliding speed slightly lower than the 
first estimate of the hydroplaning speed, the sliding speed is increased at a small speed increment 
of 0.1 m/s (0.36 km/h) to determine the final simulation hydroplaning speed. 
Relationship between the hydroplaning speeds and the ground hydrodynamic pressures 
established matches the experimental data well and shows that the model could accurately 
predict the hydroplaning speeds close to that predicted by the NASA hydroplaning equation. 
Analysis of the simulation results identifies key parameters related to hydroplaning such as the 
critical speed and the average ground hydroplaning pressure at which hydroplaning occurs for a 
smooth tire. After the analysis of smooth tire on plane pavement, the tire-fluid-pavement model 
was modified to develop a hydroplaning model for pavements with grooves. 
8.1.3 Hydroplaning on Grid Pattern Pavement Grooves 
To provide a systematic examination of the effectiveness of macrotexture in reducing 
hydroplaning risk, the following three forms or patterns of macrotexture are considered:  
 Pattern A with unidirectional flow channels: transversely grooved surface,  
 Pattern B with unidirectional flow channels: longitudinally grooved surface, and  




Overall, in the study 79, 132 and 20 cases of transversely grooved, longitudinally 
grooved, and grid-pattern grooved surfaces respectively were analyzed. In general, hydroplaning 
speed increases with larger groove width, smaller groove spacing and larger groove depth. 
Statistical analysis reveals that the rates of increase of hydroplaning speed with MTD vary from 
one transverse groove configuration to another.  That is, with different plane dimensions of the 
width and spacing of transverse grooves, their respective linear relationships between 
hydroplaning speed and MTD are not the same. In other words, overall for grooved pavement 
surfaces, MTD alone is inadequate to characterize the effect of macrotexcture on vehicle 
hydroplaning potential. With the same MTD, transversely grooved surfaces are the most 
effective against hydroplaning, followed by grid-pattern grooved surfaces, and the longitudinally 
grooved surfaces are the least effective. 
Theoretical simulation analyses of vehicle hydroplaning on grooved pavement surfaces 
have been considered.  Three patterns of grooved surfaces have been studied: transversely 
grooved and longitudinally grooved surfaces which are commonly used in practice, and grid-
pattern grooved surfaces which are not used in practice.  The grid-pattern grooved surfaces are 
included in this study for comparison purpose, and to provide some information related to 
pavement macrotexture that offers two-directional flow channels. 
The analysis based on MTD also reveals that with the exception of longitudinally 
grooved surfaces, MTD alone is inadequate to represent the effect of pavement macrotecture on 
vehicle hydroplaning potential.  For longitudinally grooved surfaces, regardless of groove width 
and spacing, the hydroplaning speed can be predicted reasonably well based on MTD.  However, 




patterns of grooved surfaces, vehicle hydroplaning speed is a function of MTD as well as the 
plane layout and dimensions of the groove pattern (i.e. groove width and spacing).  
8.2 3-Dimensional Pneumatic Tire Modeling for Skid Resistance Measurements   
The second part of research was to remove the need of prior knowledge of fixed tire 
deformation during hydroplaning. A 3-dimensional finite element simulation model that is 
capable of simulating tire-fluid-pavement interaction under locked wheel conditions was 
developed. This involves a more complicated fluid-structure interaction. The tire-fluid-pavement 
model has been developed to simulate hydroplaning potential and to predict the wet skid 
resistance on grooved pavement surfaces. The model was utilized to explain the effect of 
pavement grooving on skid resistance and hydroplaning for passenger car tires. The key research 
findings are summarized as follows: 
Numerical simulation model is developed using fundamental structural mechanics and 
fluid dynamics with the consideration of tire-pavement contact modeling and tire-fluid 
interaction modeling. With the given input parameters tire properties, pavement surface 
properties and fluid properties the model is able to predict skid resistance at desired outputs. In 
order to check the effectiveness of the model, simulation was carried out at different test 
conditions with respect to past experimental results. It has been found that the predicted results 
are very close to the experimental results. 
Further analysis was carried out to evaluate the effect of groove depths on the skid 
resistance. In general it has been found that deeper grooves provide better skid resistance for 
both longitudinally grooved pavement and transversely grooved pavement. Parameters such as 
wheel load, tire inflation pressure and water–film thickness were varied to evaluate the 




The analyses of braking distance considers a locked smooth tire with zero tread depth 
skidding on a plane flooded pavement surface, and also on grooved pavement surfaces. Effect of 
pavement grooving at different groove depths were analyzed for various operating conditions of 
wheel load, water-film thickness, and tire inflation pressure.  
The braking distance trends show that tire inflation pressure, wheel load, water-film 
thickness, sliding speed, and driver control efficiency are all found to have significant effects on 
the length of braking distance. The analyses show that braking distance varies positively with 
water-film thickness and vehicle sliding speed, but negatively with driver control efficiency, tire 
inflation pressure and wheel load. From a safety point of view, the most unfavorable driving 
condition is the case of an inexperienced driver (i.e. low driver control) driving at high speed  
(i.e. low wheel load) with a low tire inflation pressure on a flooded pavement with a thick layer 
of surface water for completely plane pavement surface. Pavement grooving is found to 
significantly reduce the breaking distance i.e. decrease the risk of collision. Deeper grooves are 
found to be very effective in reducing breaking distance on flooded pavement. Pavement grooves 
are found to be more effective in reducing braking distances at higher vehicle speeds. 
8.3 3-Dimensional Truck Tire Modeling for Skid Resistance and Hydroplaning Speed 
Analysis 
Past researches suggest that hydroplaning and skid resistance behavior of truck tire is 
different from normal passenger cars, and it has been found that truck accidents due to lack of 
skid resistance or hydroplaning can occur in the normal operating speed range of trucks. 
Simulation models were developed for estimating truck hydroplaning and skid resistances 
respectively. The analysis shows that wheel load has significant effect on hydroplaning speed 




are more prone to accidents because of low skid resistance during wet driving. The analysis 
showed that pavement grooves helps in raising skid resistance and hydroplaning.   
8.4 Recommendation for Future Research 
The research has identified some areas which are recommended for further research to 
better understand the tire pavement interaction under wet conditions. 
 This research has considered modeling of hydroplaning and skid resistance only 
for locked wheels. Although locked wheel tire pavement interaction represents the 
worst case it could be extended to the modeling of rolling tire to estimate 
hydroplaning potential and skid resistance. 
 The current study made an attempt to measure the hydroplaning speed on grooved 
pavement surfaces. A similar approach can be adopted to analyze both skid 
resistance and hydroplaning on randomly textured pavement surfaces. 
 The current research studies the skid resistance of smooth passenger car tires and 
truck tires. This research can be further extended to study the hydroplaning and 
skid resistance of various aircraft tires. 
 Transverse grooving was found to be most effective in increasing skid resistance 
and hydroplaning speed. However, in normal highway operation this form of 
grooving is not adopted because of noise issues. Such issues related to noise can 
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